Rheology and application of thermoreversible polymer networks based on the Diels-Alder cycloaddition by Sheridan, Richard James
University of Colorado, Boulder
CU Scholar
Chemical & Biological Engineering Graduate
Theses & Dissertations Chemical & Biological Engineering
Spring 1-1-2012
Rheology and application of thermoreversible
polymer networks based on the Diels-Alder
cycloaddition
Richard James Sheridan
University of Colorado at Boulder, richard.sheridan@gmail.com
Follow this and additional works at: http://scholar.colorado.edu/chbe_gradetds
Part of the Chemical Engineering Commons, and the Polymer Chemistry Commons
This Dissertation is brought to you for free and open access by Chemical & Biological Engineering at CU Scholar. It has been accepted for inclusion in
Chemical & Biological Engineering Graduate Theses & Dissertations by an authorized administrator of CU Scholar. For more information, please
contact cuscholaradmin@colorado.edu.
Recommended Citation
Sheridan, Richard James, "Rheology and application of thermoreversible polymer networks based on the Diels-Alder cycloaddition"
(2012). Chemical & Biological Engineering Graduate Theses & Dissertations. Paper 32.
!"#$%$&'()*+(),,%-.)/-$*($0(/"#12$1#3#14-5%#(,$%'2#1(*#/6$174(
5)4#+($*(/"#(8-#%49:%+#1(.'.%$)++-/-$*(
5'(
!-.")1+(;)2#4(<"#1-+)*(
!"#"$%&''()*(+%&)+,(,-,.%*/%0.12)*'*34$%5667%
8"#"$%9)(:.;+(,4%*/%<*'*;=>*$%566?%
%
%
!"#$%&'&"&()*'##%+"#,"#$%"
-./(0#1",2"#$%"34.+(.#%"5/$,,0",2"#$%""
67'8%4&'#1",2"9,0,4.+,"'7":.4#'.0"2(02'00*%7#"
,2"#$%"4%;('4%*%7#&"2,4"#$%"+%<4%%",2"
=,/#,4",2">$'0,&,:$1"
=%:.4#*%7#",2"9$%*'/.0".7+"?',0,<'/.0"@7<'7%%4'7<"
ABCA"
D$'&"#$%&'&"%7#'#0%+E"
F$%,0,<1".7+".::0'/.#',7",2"#$%4*,4%8%4&')0%":,01*%4"7%#G,4H&"
).&%+",7"#$%"='%0&I!0+%4"91/0,.++'#',7"
G4'##%7")1"F'/$.4+"J.*%&"5$%4'+.7"
$.&")%%7".::4,8%+"2,4"#$%"=%:.4#*%7#",2"9$%*'/.0".7+"?',0,<'/.0"@7<'7%%4'7<"%% @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@%<*AA(,,..%<2=(;B%C;*/.++*;%<2;(+,*D2.;%E"%!*FA=)%%%%@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@%C;*/.++*;%G=)(.'%H"%#12F=;,I%%%% G=,.B%@@@@@@@@@@@@%%%
D$%"2'7.0"/,:1",2"#$'&"#$%&'&"$.&")%%7"%K.*'7%+")1"#$%"&'<7.#,4'%&L".7+"G%""
2'7+"#$.#"),#$"#$%"/,7#%7#".7+"#$%"2,4*"*%%#".//%:#.)0%":4%&%7#.#',7"&#.7+.4+&"
,2"&/$,0.401"G,4H"'7"#$%".),8%"*%7#',7%+"+'&/':0'7%M"
! """!
!"#$%&'$(
)*+%,-&./(0,'*&%-(1&2+#(34*565/(6+7$5(89(:*+25(&.-(;,8<5(=.>,.++%,.>?(
(
0*+8<8>@(&.-(&77<,'&$,8.(89($*+%28%+A+%#,"<+(78<@2+%(.+$B8%C#((
"&#+-(8.($*+(6,+<#D!<-+%('@'<8&--,$,8.(
(


! ",!

!
!"#$%&'$()*! !
!
!
!
+,$-*',"-$-*$-*#"#$%&'"#*'(*./*0&1")'-*
2&."-*2*3,"1$#&)*&)#*!$&)"*4*3,"1$#&)*
5(1*&67&/-*8"6$"9$):*$)*."*
;9")*7,")*<*#$#)='*
*!
! "#!

M(#+!4&2O%:'!8*+!+/442&'%6!1)!LCP!-&*.'!TUVVWXW,!'(%!<EE<,!*.6!*!N<<LL!3%5528+(#4;!
! "##!
!"#$%#$&'
$()*+',-.+////////////////////////////////////////0('
&(.1-)23+',-.+/////////////////////////////////////(('
456)3-7)////////////////////////////////////////00((('
8+9(7-)(:1///////////////////////////////////////0;'
47<1:=*+9.+>+1)6//////////////////////////////////;('
$-5*+':?'!:1)+1)6/0/////////////////////////////////0;(('
!@4A$%B&'
!C-,)+3'DE'F1)3:927)(:1////////////////////////////////D'
!C-,)+3'GE'"5H+7)(;+6/////////////////////////00///////DI'
!C-,)+3' JE' $+>,+3-)23+' 9+,+19+1)' 6)3+66' 3+*-K-)(:1' (1' -' >:9+*' 8(+*6L4*9+3'
1+)=:3<////////////////////////////////////////GM'
!C-,)+3' ME' 4' 6(>,*+' 3+*-)(:16C(,' 3+*-)(1.' *(1+-3' ;(67:+*-6)(7' ,3:,+3)(+6' -19'
7C+>(7-*'6)327)23+'(1'-'>:9+*'8(+*6L4*9+3',:*N>+3'1+)=:3<//////////00MJ'
!C-,)+3'OE'%;-*2-)(:1':?'&(1.*+LP:*+72*+'Q*2:3+67+17+'$3-7<(1.'-6'-'BC+:*:.(7-*'
$+7C1(R2+'?:3'$3-16(+1)'A:*N>+3'#+)=:3<6////////////////////SJ'
!C-,)+3'TE'U19+36)-19(1.')C+',3:7+66':?'C+-*(1.':?' )C+3>:3+;+36(5*+'7:;-*+1)'
-9-,)-5*+'1+)=:3<6'(1'6+*?L*(>()+9'CN6)+3+6(6'C+-)(1.'-,,*(7-)(:16//////00VJ'
!C-,)+3' SE' AC:):)C+3>-*' #-1:7:>,:6()+' !:;-*+1)' 49-,)-5*+' #+)=:3<6E'
",)(7-*' P-1(,2*-)(:1' :?' -' $C+3>-**N' B+6,:16(;+' P-)+3(-*' !:1)-(1(1.' B:526)'
42W&("G'!C3:>:,C:3+6//////////////////////////////DXD'
!C-,)+3'VE'!:17*26(:1//////////////////////////////00/DGG'
Y(5*(:.3-,CN/////////////////////////////////////DGV'
! "!
!"#$%&'()*(+,%'-./0%1-,(

M$)(! )(+(2-%&>! 2$2C+$0,%(2-! 9$%&'()! 2(-5$)?.! 4$)'(1! 3&! 5(,?!*2-()'$%(+=%,)! *2-(),+-*$2.! N! %*?(! '*+)$9/,.(! .(9,),-*$2O>! 9*C9*! .-,+?*26P>! ,21!/&1)$6(2!3$21*26O>!Q!N!/,0(!3((2!./$52!-$!(I/*3*-!3(/,0*$)!,21!9)$9()-*(.!.*'*%,)!-$! -/$.(! $4! -/()'$9%,.-*+.;! ! </(.(! -&9(.! $4! R5(,?S! 2(-5$)?.! $4-(2! 3(/,0(! ,.!0*.+$(%,.-*+! %*B=*1.>!,.!1(4*2(1!3&!/,0*26!,! 4*2*-(!.-(,1&!./(,)!0*.+$.*-&;!A(->!=21()!
! "!


! "!


! "!
!

!!! ! ! ! IH8HJ!
K%-%@!E!')!0$%!/12A%-)'12!16!.!('5'0'2>!-%.>%20@!9L<F!')!0$%!'2'0'.(!/12/%20-.0'12!16!0$.0!('5'0'2>!-%.>%20@!-!')!0$%!-.0'1!16!('5'0'2>!01!%E/%))!-%.>%20@!MKF!')!0$%!51(.-!$%.0!16!-%./0'12!.2,!MNF! ')! 0$%!51(.-!%20-1?=!16! 0$%!-%./0'128!#$')!.??-1./$!,%)/-'3%)!0$%!%B7'('3-'75!/12)0.20!OP!.)!.!672/0'12!16!.3)1(70%!0%5?%-.07-%!#!4'0$!0$%!',%.(!>.)!/12)0.20@!Q8!R1((14'2>!0$')!%B7'('3-'75@!0$%!,%>-%%!16!?1(=5%-'S.0'12!.2,!0$%-%61-%!
R1N
O
O
O
R2
R1N
O
O
O
R2
+
-!
!
! 
KC T( ) =
x
[L]0(1" x)(r"1 " x)
= e
"
#H °"T#S°
RT
$ 
% 
& 
' 
( 
) 
! "!
#$%! &'())*+,-! .%,)+#/! (0! 1! 2%*! &(,#1+,+,2! #$+)! -+,.! (0! 3(,.! 3%&(4%)! .+'%&#*/! 1!05,&#+(,! (0! #%46%'1#5'%7! 8$%'%0('%9! #$%!4%&$1,+&1*! 6'(6%'#+%)! (0! )5&$! 1!41#%'+1*!3%&(4%!1!05,&#+(,!(0!#%46%'1#5'%!1)!:%**7!

! "!
!

!""#
!"""#
!""""#
!"""""#
!""""""#
!"""""""#
!"# $"# %"# &"# '"# !!"# !$"#
!
"#
$%
&
'#
()*+),&-.,)#$/0'##
()*+#()#
,# ,#
,#
-.+*/0/1*#
234.5#
67#711389#
:/);#(#<=>#(#
! "!

!
!"#$%$&'()*!H2*/+12'5,!7(,(7%'!IJK!2)%.! +,! /$+)!)/2.0<!5!8%,/5%'0/$'+/(*!/'+LM/%/'55&'0*5/%!>IJNODE!)29)/+/2/%.!;+5!H+&$5%*!5..+/+(,!3+/$!12'12'0*!7%'&58/5,!5,.! (&/5,%/$+(*A! K2,&/+(,5*+/0! +)! 5.P2)/%.! 90! ;5'0+,4! /$%! '5/+(! (1! 12'5,! /(! (&/5,%!7(+%/+%)! +,! /$%! '%5&/+(,! )/%8A! #$%)%! &(78()+/+(,)! 5'%! .+)/+,42+)$%.! 90! .+)8*50+,4!/$%!'%)2*/5,/!%11%&/+;%!12,&/+(,5*+/0!+,!85'%,/$%)%)<!%A4A!IJK>BA@EA!
!
!"#$%$& '(+*! F+)75*%+7+.%! 7(,(7%'! QRFH! 2)%.! +,! /$+)! )/2.0! >S<S!L>7%/$0*%,%.+LT<SL8$%,0*%,%E! 9+)75*%+7+.%EA! G$%,%;%'! 5! &(78()+/+(,U)!)/(+&$+(7%/'+&!'5/+(!+)!+,.+&5/%.<!5)!+,!IJK>BAVE!'?@AC<!/$%!'5/+(!+,.+&5/%)!/$%!57(2,/!(1!75*%+7+.%!2)%.<!5)!5!1'5&/+(,!(1!/$%!12'5,!7(+%/+%)!2)%.A!
O
O O
O
O O
O O
R
R
R
R
OO
O
OO
OHO
R
R
R
R=
or
O
S
S
N N
O
O
O
O
! "!

!
!"#$%&' ()*+! L)1.+,)G+&)'/! '-! &(+/1)%/&! *,.1&%(! (%,+K+&)'/! 3)+! 2+*?2'/%!2(%+?+D%B!M',0%0!2'/01!(%<(%1%/&!*()&)*+,!*'//%*&)'/1!>$)*$6!>$%/!1<,)&6!&(+/1-'(7!'/%!&(+/1)%/&!*,.1&%(!)/&'!&>'!('.D$,:!%N.+,!<+(&1B!! F=B8H!
! 
"
l
#"
b
$
! "!
#$!%&'()*+$!,-./01!)2%!3+$4!5*6%)*7%!!"!*8!)2%!4%9(:!9+$8)($)!+;!)2%!*$<%;8%!+6!)2%!=*$%)*9!;()%!9+$8)($)! 6+;!)2%!)2%;7+;%<%;8*35%! 5*$=8! *$!)2%!95'8)%;1!($4!!#! *8! )2%!;2%+5+>*9(5! 5*6%)*7%! +6! )2%! 95'8)%;! (8! (! ?2+5%.! #$! )2%*;! @(@%;1! A%7%$+<! ($4!B'3*$8)%*$!7(=%!)2%!(;>'7%$)!)2()!)2%!)?+!)*7%89(5%8!9($!3%!;%5()%4!)2;+'>2!$C%D


! 
p = C
"max
" b
+ pgel
! "#!
$%&'(!)&*+&!,--&).%/,(%)0123!4(!5)6+&!(+/-+&,(7&+'8!*+9%,(%)0'!,&+!'++0!,'!(:+!;5,''!(&,0'%(%)0!<+;%0'!()!%0(+&$+&+!6%(:!/+,'7&+/+0(!)$!(:+!-7&+5=!&7<<+&=!<+:,9%)&1"#!
>%/%5,&5=8! (:+!/,%0!-&)-+&(=!)$! %0(+&+'(! %0!(:+!&+;%/+!$,&!,6,=!$&)/!(:+!;+5!-)%0(8! %1+18! (:+!9%'?)'%(=8! %'!0)(!'7<'(,0(%,55=!*+(+&/%0+*!<=!(:+!<)0*!<&+,@,;+!&,(+1!A,(:+&8! (:+! 9%'?)'%(=! %'! 5,&;+5=! *+(+&/%0+*! <=! (:+! -&)-+&(%+'! )$! (:+! 70&+,?(+*!/)0)/+&'1! B+,&+&! ()! (:+! ;+5! -)%0(8! ,! '%/-5+! '?,5%0;! +.-)0+0(! ,*+C7,(+5="#!*+'?&%<+'! 9%'?)'%(=! 70(%5! 9+&=! ?5)'+! ()! (:+! ;+5! -)%0(! DE-F-;+5E! G! H/%0I83J<! 6:+&+! (:+!5,&;+'(! /)5+?75,&! ?57'(+&'! ,&+! <%;! +0)7;:! (:,(! <)0*! <&+,@,;+! <+;%0'! ()! :,9+! ,0!+$$+?(1!!

4!-&)/%'%0;!(&%;;+&!$)&!-7&+5=!(:+&/,55=!,?(%9,(+*!&+9+&'%<5+!<)0*'!%'!(:+!7'+!)$! '+5$F5%/%(+*! :='(+&+'%'! :+,(%0;1! O=! '7'-+0*%0;! ,! $+&&)/,;0+(%?! -,&(%?5+! %0! ,!&+9+&'%<5+! 0+(6)&@! /,(&%.8! ,! /,;0+(%?,55=! '+0'%(%P+*! ?)/-)'%(+! %'! $)&/+*! 6:%?:!
! ""!
#$%&'! ()! *#$+! $,)-'$.! &-! %! /%.0-12/$3($+456! #07#1'&/$+7&#6! -'4088%&0+7! 9%7+$&04!20$8.:! ;$)$+.0+7! -+! )%/&048$! 4-9)-'0&0-+! %+.! 7$-9$&/56! <=$8! /$8%,%&0-+! 0'! &#$!.-90+%+&! 4-+&/0>(&0-+! &-! &#$! #$%&0+7!9$4#%+0'9?! '-6! %'! &#$!@(/0$! &$9)$/%&(/$! -2!&#$!9%&$/0%8!0'!%))/-%4#$.!%+.!&#$!9%7+$&04!'('4$)&0>080&5!.$4/$%'$'6!&#$!%9-(+&!-2!)-*$/!&#$!)%/&048$'!4%+!$,&/%4&!2/-9!&#$!AB!9%7+$&04!20$8.!./-)'!(+&08!&#$!9%&$/0%8!/$%4#$'!%!'&$%.5!&$9)$/%&(/$:!!
!
!"#$%&' ()*+! C#$! )/-4$''! -2! #5'&$/$'0'! #$%&0+7:!D#$+! &#$!9%7+$&04! )%/&048$!'(4#!%'!@/EF!0'!0+!%!9%&/0,!>$8-*!&#$!@(/0$!&$9)$/%&(/$!-2!&#$!9%&$/0%86!&#$!)%/&048$!0&'$82!9('&!>$! 8$''! &#%+! &#$!@(/0$! &$9)$/%&(/$!%'!*$88!.($! &-!#$%&! &/%+'2$/6! '-! &#$!9%&$/0%8! 0'! 4-$/4$.! &-! %! 9%7+$&0G%&0-+! ! .($! &-! &#$! -'4088%&0+7! 9%7+$&04! 20$8.!
  
! 
! 
H = H 0 sin(2"ft + #)

  
! 
q =
! 
B " #$
! 
H = k dTdr dS$
  
! 
! 
H ! 
Tmatrix " TCurie
  
! 
! 
H 
  
! 
q =
! 
B " #
! 
H $ % 0
  
! 
! 
M ! 
Tmatrix < TCurie
  
! 
! 
M 
! "#!


I('!,<! *&'!3,.*!41,32.2(6! 7+5..'.!,<!/K=.! 2.! *&'!4&,*,1'A'1.2B+'!('*-,1>F!-&'1'2(!71,..+2(>!.72..2,(!2.!*1266'1'C!A25!1'A'1.2B+'!5CC2*2,(!<1563'(*5*2,(!7&52(G*15(.<'1! $PKO%E! ,<! 15C275+.! 6'('15*'C! B@! 4&,*,2(2*25*2,(D! Q&,*,G/K=.! &5A'! B''(!0.'C!2(!.*1'..!1'+5)5*2,(F8R!45**'1('C!*')*012(6F89!5(C!4&,*,57*05*'C!.&54'!3'3,1@!3,*2,(D##! S'('15++@F! *&'! '<<'7*.! ,B.'1A'C! 51'! *&'! 1'.0+*! ,<! *&'! .*1,(6! .45*25+! 5(C!
! "#!
$%&'()*+! ,(-$)(+! (.! /$)%//! )%+*0*$1(-! *..()2%2! 34! $5%! +165$7*,$18*$%2! -*$9)%! (.! $5%!')(,%//:!;(<%8%)=!2%/'1$%!$5%!-*&%=!$5%!>?@A!')(,%//!1/!-($!'%).%,$+4!)%8%)/13+%=!*/!1$! 1/! 5165+4! ,(9'+%2! $(! $5%! $4'1,*++4! 1))%8%)/13+%! ')(,%//%/! (.! )*21,*+! 1-1$1*$1(-! *-2!$%)&1-*$1(-:!@9)$5%)&()%=! $5%!)*21,*+/! $5%&/%+8%/!*)%!/93B%,$! $(!*!<12%!8*)1%$4!(.!'($%-$1*+!/12%!)%*,$1(-/!$5*$!+1&1$!)%8%)/131+1$4:!


! "#!
$%&'&()*'+,)'-.! '-*%/+01-23! 4&! 5&,-! +/! '%-! &$$&2+'-! .+6-*'+&/7! )! '-*%/+01-! 8+'%!'&')9!2$)'+)9!)/.!'-5$&6)9!*&/'6&9!&:!'-5$-6)'16-!+/!)!'%-65)99;!)*'+,)'-.!<=>!*&19.!?-!,-6;!12-:193!


! "#!
$%&'()*+),!&%-.!/%0$+12!)3)4'356+-7(&! +)!3!8+(7&9/7*(5!)(6:45;!-4%7*!'54*%-(!3!'.4646.(5<377=!&()&+6+>(*!?/@!6.36!-3)!A(!<3)+'%736(*!4)!&<377! &+>(!&-37(&!%&+),!73&(5!7+,.6B!

()*)%)+,)-'"B! Q(55=D! RB!8BD!!"#$%&'(#)"$*+,%+&,)"&#*%-*+%'./&,#B!I5*!(*B!(*BS!O+7(=T!@(:!U45;D!"VPWS!'!KJ"B!
! "#!
$%! &''()!*%!+%,!-./'00'1)!2%!3%)!4!567'18!91:9;!67:(<0=!<0!>'(8?71@%!!"#$$%"&'()"
!"#!$!*+!A"BC)!DEDFGDE#F%!F%! HIJ)! 2%,! 2:I@96)! K%! K%,! &<((<:?@)! H%! L%)! M1:95I17! ?796:0<9@! @5IJ<7@! 'N! 91:9;!67:(<0=!:0J!O7(J<0=!'N!>'(8?71@%!!",-./0"123"!"#!$!45!A"C)!$BPG$"BG$"B%!P%! 3:965)! 3%! Q%,! *:6?)! &%! R%,! +:<07)! K%! &%)! S0T795<'0! 3'(J<0=%! 6789).03-%" :"
;7<37//037<"='/>3).0("!"%!$!??!ADC)!D#FGD#U%!D%! -(:V<@<)! -%)!@-78ABBC" BD" .'/0>B$%-).32)%! 3:197(! W7;;71X! Y7O! Z'1;)! "EEU,! >![\<)!"BDF!>%!#%! &<0571)!K%,!3'I1@)!3%)!*67'('=8!'N!+'(8?71@!Y7:1!Q<]I<JG^'(<J!_1:0@<5<'0@%!S0!
E/9.0B7" 1$37" ;2'B" 1$/2.0B)2B$(" F3)2B/%-).323.(" G'/B%B<()! ^>1<0=71! `71(<0! a!K7<J7(V71=X!"EEU,!b'(%!"FP)!>>!"#DG$FPG$FP%!U%! /'1J<71)! +%,! _'I10<(6:9)! M%,! ^'I(<7Gc<:;'\<9)! /%,! Q7<V(71)! Q%)! ^7(NG67:(<0=! :0J!5671?'17\71@<V(7!1IVV71!N1'?!@I>1:?'(79I(:1!:@@7?V(8%!E-.90/"&''#$!H*4!AU"d"C)!EUUGdB%!d%! A:C!M7(J?:0)!2%!R%,!2:J7)!3%!H%,!37<T71)!R%!&%,!K:O;71)!/%!H%,!21:?71)!R%!H%)!3'J7(!_1:0@<705! Y75O'1;@! N1'?! ^51'0=(8! K8J1'=70G`'0J7J! +'(8?71@%! ,-20B>B%/29%/)"
&''"$!H+! A$$C)! EBU$GEBd",! AVC! ^5:J(71)! *%)! _1:0@<705! 075O'1;@! V8! 68J1'=70! V'0J!<0571:95<'0@!<0!>'(8VI5:J<707G?7(5@%!S0!&/0>-7/7."-78"I0-7)3/7."E/.JB0C))!^>1<0=71!`71(<0!a!K7<J7(V71=X!"EdU,!b'(%!UD)!>>!"PBG"PDG"PD%!E%! `1I0@\7(J)!Q%,!M'(?71)!`%! H%!`%,!37<T71)!R%!&%,!^<TV7@?:)!*%!+%)! ^I>1:?'(79I(:1!+'(8?71@%!='/>32-%"G/K3/J)"&''!$!4L4!A"$C)!PBU"GPBEd%!"B%! 4Je<?:)! `%! H%,! 4=I<117)! K%! 4%,! 2('[<0)! /%! H%,! ^9'55)! _%! M%,! `'O?:0)! /%! Y%)!*67'('=<9:(! :0J! 967?<9:(! :0:(8@<@! 'N! 17\71@7! =7(:5<'0! <0! :! 9'\:(705(8! 91'@@(<0;7J!W<7(@G4(J71!>'(8?71!075O'1;%!,-20B>B%/29%/)"&''#$!H4!A$FC)!E""$GE""U%!""%! \:0!`77;)!W%!H%!3%,!^><71<0=)!4%!H%!K%,!+7571@)!L%!&%!3%,!57!Y<T706I<@)!2%,!^<TV7@?:)!*%!+%)!f0<J<1795<'0:(!W<?71<e:5<'0!:0J!^5:9;<0=!'N!f17<J'>81<?<J<0'07!R0J!L1'I>@!<0! +'(89:>1'(:95'07! ^I>1:?'(79I(:1! +'(8?71@%! ,-20B>B%/29%/)" &''($! HL! A$FC)!dP#PGdPUD%!"$%! H:8)!H%!S%,!Q:0=67<01<96)!2%,!K:0@'0)!3%!/%,!3:6:(<0=:?)!4%,!2<@71)!+%!M%)!f07]I:(!@5'<96<'?7518! V75O770! 91'@@(<0;<0=! ?'<75<7@! :NN795@! 567! >1'>715<7@! 'N! 51:0@<705!075O'1;@! N'1?7J!V8!J80:?<9! 9'\:(705! 91'@@(<0;@%!1BD.",-../0"&'!!$!M! A"$C)!Dd$#GDdFD%!"F%! 3'05:10:()!W%,!/:>7('5)!3%,!_'I10<(6:9)!M%!'%,!Q7<V(71)!Q%)!^<(<9:GQ<;7!3:((7:V(7!3:571<:(@!N1'?!+71?:0705!-1=:0<9!Y75O'1;@%!123/72/"&'!!$!??H!A#BDdC)!E#DGE#d%!"P%! /670)!g%,!W:?)!3%!4%,!-0')!2%,!3:()!4%,!^670)!K%,!YI55)!^%!*%,!^671:0)!2%,!&IJ()!M%)!4! _671?:((8! *7G?70J:V(7! /1'@@GQ<0;7J! +'(8?71<9! 3:571<:(%! 123/72/" &''&$! +N*!ADD#BC)!"#EdG"UB$%!"D%! c6:0=)! Z%,! `1'7;6I<@)! 4%! 4%,! +<996<'0<)! M%)! _671?:((8! ^7(NGK7:(<0=! +'(8?71<9!3:571<:(@X!_67!Y7[5!^57>!5'!*7989(<0=!_671?'@75!+'(8?71@h!,-20B>B%/29%/)"&''"$!
H+!A#C)!"EB#G"E"$%!"#%! 2('[<0)! /%! H%,! ^9'55)! _%! M%,! 4Je<?:)! `%! H%,! `'O?:0)! /%! Y%)! /'\:(705! 4J:>5:V(7!Y75O'1;@! A/4Y@CX! 4! f0<]I7! +:1:J<=?! <0! /1'@@GQ<0;7J! +'(8?71@%!,-20B>B%/29%/)"
&'!'$!H?!A#C)!$#PFG$#DF%!"U%! `'O?:0)!/%!Y%,!2('[<0)!/%! H%)!/'\:(705!4J:>5:V(7!Y75O'1;@X!*7\71@<V(7!`'0J!^51I95I17@! S09'1>'1:57J! <0! +'(8?71! Y75O'1;@%! #7</J-78./" ='/>3/" 67./07-.3B7-%"
;83.3B7"&'!&$!*4!A"dC)!P$U$GP$UP%!
! "#!
"$%! &'(!)'*+,!-%!.%/!012345,!6%! 7%/!892::,!;%!<%/!=2>?'5,!6%!@%,!8:*ABB!CA1'3':425!DE!FGG4:425H<*'I?A5:':425!6J'45!;*'5BKA*!45!-4IJ1E!6*2BBHL45+AG!;J421H.5A!@A:>2*+B%!

033"'(3+1($+;<(&5(+#%!&$!,=>!&"(,!P$H"MM%!MN%! &'(!Y24:4,![%/!-A':1AE,!<%/!-VI145,!W%!=%/!CAI2,!7%!W%,!045A:49!'BRA9:B!2K!:JA!Z4A1BHF1GA*! *A'9:425! DA:>AA5! R21E&B:E*A5AH92HKV*KV*E1! ?A:J'9*E1':A(! '5G! D4B?'1A4?4GA%!
?)$%@("3+A%'B&($+7%)$3"'+!""($!,>!&#(,!"NT"H"NUO/!&D(!Y24:4,![%/!-VI145,!W%!=%/!CAI2,!7%!W%,! 82?A! R*2RA*:4AB! 2K! 5A:>2*+B! R*2GV9AG! DE! :JA!Z4A1BHF1GA*! *A'9:425! DA:>AA5!R21E&B:E*A5AH92HKV*KV*E1!?A:J'9*E1':A(!'5G!D4B?'1A4?4GA%!?)$%@("3+A%'B&($+7%)$3"'+
!""($!,>!&M(,!M"PHMMU/!&9(!62B:'5S2,!)%!7%/!=AEA*,!<%!L%,!;JA*?2*ABR25B4QA,!XR:49'11E!F9:4QA!<41?B!='BAG!X5!Z4A1BHF1GA*!6JA?4B:*E%!;<(&5*4$B+%C+!"4($5"'*+!"")$!/D!&MT(,!U"U$HU"#]/!&G(!)A:A*B25,!F%!W%/!7A5BA5,!C%![%/!)'1?ABA,!Y%!C%,!CAQA*B4D1E!9*2BBH145+AG!R21E?A*! IA1B! 'B! JA'145I! 'IA5:B! K2*! AR23EH'?45A! :JA*?2BA:B%! 0;E+ 0@@'+ !"4($+
F34($C"#(*+!""%$!/!&T(,!PPMHT/!&A(!CAV:A5'VA*,!)%/!=VJ1A*,![%/!=2V1,!)%!7%/!6'5G'V,!8%!7%/!LAJ5,! 7%!W%,!C22?! :A?RA*':V*A!GE5'?49!R21E?A*B!D'BAG!25!Z4A1BHF1GA*! 9JA?4B:*E%!
;<(&5*4$B+!""%$!/G!&$(,!"$P]HPOO/!&K(!\5I14B,!F%!7%/!@ADJ'54,!L%/!F1:45:'B,!X%/!89J?4G:,!<%!Y%/!='*5A*H02>2114+,!6%,!C'R4G!=25G45I^ZAD25G45I!25!ZA?'5G_!CAQA*B4D1E!6*2BBHL45+AG!<V59:425'1!)21E?A*B!Q4'!Z4A1B`abF1GA*!6JA?4B:*E%!!"#$%&%'(#)'(*+!"#"$!,-!&"](,! TT"THTTMO/! &I(! )A:A*B25,! F%! W%/! 7A5BA5,! C%! [%/! )'1?ABA,! Y%! C%,! C22?H;A?RA*':V*A!-A'145I! 2K! '! ;JA*?2BA::45I! )21E?A*!cB45I! :JA!Z4A1BHF1GA*! CA'9:425%!
0;E+0@@'+!"4($+F34($C"#(*+!"#"$!.!&N(,!""N"H""NP%!MT%! &'(!725AB,!7%!C%/!L42::',!6%!L%/!6211'*G,!Z%!W%/!89J4*'1G4,!Z%!F%,!6*2BBHL45+45I!'5G!W2G4K49':425! 2K! )21E&A:JE1A5A! :A*ARJ:J'1':AH92HM,UH'5:J*'9A5AG49'*D23E1':A(! DE!Z4A1B`abF1GA*!CA'9:425B!>4:J!W'1A4?4GAB%! "#$%&%'(#)'(*+#%%%$!-.!&"$(,!T#$UHT#PM/!&D(! 8>'5B25,! 7%! )%/! C2SQ'G2QB+E,! 8%/! 8ARR'1',! 7%! [%/! W'9+'E,! W%! [%/! 7A5BA5,! C%! [%/!62B:'5S2,! )%! 7%,! ZAQA12R?A5:! 2K! )21E?A*49! )J'BA!6J'5IA!W':A*4'1B!X5! :JA! D'B4B! 2K!Z4A1BHF1GA*! 6JA?4B:*E%!!"#$%&%'(#)'(*+ !"#"$! ,-! &"N(,! U"]THU"N"/! &9(! Y2VBBd,! 6%/!Y'5G454,! F%,! Z4A1BeF1GA*! R21E?A*4S':425! 2K! G4KV*'5B!>4:J! D4B?'1A4?4GAB%!A%'B&+ F34+
#%%%$!,6!&$(,!#M]H#]"/!&G(!W9[1J'525,!7%!C%/!CVBB49+,![%!W%/!fJAA1A*,!Z%!C%/!L2E,!Z%!F%/!FVDA*:,! 7%! -%,! CA?2Q'D1A! K2'?B! D'BAG! 25! '5! AR23E! *AB45! 4592*R2*':45I! *AQA*B4D1A!Z4A1BHF1GA*!'GGV9:B%!7%)$3"'+%C+0@@'5(1+A%'B&($+E#5(3#(+!""!$!6G!&#(,!"NPUH"TOM%!
! "#!
$%&! '(!)*+(,-.*/0!1&0!2345.43'*6,!67!,('869:!;393<('(9/!*,!'-(9<69(=(9/*>4(!?(4/&!

!8$*94*(:&;"'/*(!"%#$!76=!@EC0!"AEB$$D&!EV&! W469O0! N&! T&0! K64(5.439! G*X(! Q*/'9*>.'*6,! *,! L-9((! Q*<(,/*6,34! N64O<(9/&! Y&!M(43'*6,"&!>"5',+#("?(/8&(@%&'94+,(A8&%94+#(B"49&/$(!"'!$!=6!@""C0!EV#EBEVRV&!E"&! K*44(90! Q&! J&I! K356/:60! 2&! Z&0! H! )(8! Q(9*=3'*6,! 67! N6/'! M(4! N96;(9'*(/! 67!)('869:!N64O<(9/&!3+4'"%"#&45#&*(!"&#$!C!@$C0!$V%B$""&!E$&! Q6'/6,0!)&!H&I! M34=3,0!J&I! P3.9(,5(0! J&! P&I! L*99(440!K&0!!"#$%&'9D+/9",(!'"4&**(
3"-&#9,E&!Z*4(OB[2S\!)(8!]69:0!"RRA&!EE&! HUX*<30!^&! T&I!146_*,0!2&! T&I!^68<3,0!2&!)&0!`_'(9,344O!L9*??(9(U!S(34*,?!67! 3!L-(9<69(=(9/*>4(!26=34(,'!)('869:!=*3!G(47BP*<*'(U!SO/'(9(/*/!S(3'*,?&!@-F+,4&-(
3+/&'9+#*(()!)$!GG!@$AC0!$F#DB$F#F&!ED&! G56''0! L&! W&I! G5-,(*U(90! H&! Q&I! 266:0! Z&! Q&I! ^68<3,0! 2&! )&0! N-6'6*,U.5(U!N43/'*5*'O!*,!296//BP*,:(U!N64O<(9/&!B49&,4&(())*$!6HI!@AF$#C0!"%"AB"%"F&!EA&! 146_*,0!2&!T&I!G56''0!L&!W&I!N39:0!S&!]&I!^68<3,0!2&!)&0!K(5-3,6;-6'6;3''(9,*,?!6,!3!N-6'69(/;6,/*=(!`43/'6<(9&!@-F+,4&-(3+/&'9+#*(()!!$!G6!@"FC0!"RFFB"R#"&!E%&! M6=696=0!H&I!J*5-39U/6,0!S&0!M(,(93'*,?!-(3'!8*'-!<('34!,3,6;39'*54(/&!.+,"(
J"-+$(())&$!G!@"C0!EVBE#&!EF&! G(9/-(,0! G&! J&I! K(,/*,?0! M&! H&I! )?0! K&I! S343/0! )&! T&I! ^((>(0! Q&! T&I! Z(/'0! T&! P&0!Y,U(;(,U(,'!a;'*534!26,'964!67!K*59674.*U*5![34=(/!W69<(U!796<!a;'6<(5-3,*5344O!J(/;6,/*=(! )3,656<;6/*'(! SOU96?(4/&! @-F+,4&-( 3+/&'9+#*( ())*$! 7K! @""C0! "E%%B"E%#&!E#&! @3C!S.3,?0!b&I!`4BG3O(U0!Y&!S&I!c*3,0!Z&I!`4BG3O(U0!K&!H&0!23,5(9!5(44!*<3?*,?!3,U!;-6'6'-(9<34!'-(93;O!*,!'-(!,(39B*,7939(U!9(?*6,!>O!./*,?!?64U!,3,696U/&!>"5',+#("?(
/8&(@%&'94+,(A8&%94+#(B"49&/$(())#$!7GI!@%C0!$""AB$VI!@>C!`4BG3O(U0!Y&!S&I!S.3,?0!b&I!`4BG3O(U0!K&!H&0!G(4(5'*=(!43/(9!;-6'6B'-(9<34!'-(93;O!67!(;*'-(4*34!5395*,6<3!./*,?!3,'*B`MWJ!3,'*>6UO!56,+.?3'(U!?64U!,3,6;39'*54(/&!A+,4&'(L&//(())#$!G6C!@"C0!"$RBEA&!ER&! G:*9'35-0!H&!M&I!Q(+.?,3'0!2&I!^93.,0!Q&I!G./-30!H&!G&I!J6?35-0!H&!P&I!N393:0!Z&!T&I!Kde-834U0! S&I! G.:-69.:6=0! M&! ^&0! L-(! J64(! 67! K('34! )3,6;39'*54(/! *,! J(<6'(!J(4(3/(!67!`,53;/.43'(U!K3'(9*34/&!.+,"(L&//(())*$!<!@FC0!"EF"B"EFF&!!!
! "#!
!"#$%&'()*(+,-&.%/0&1(


! "#!


! "#!
$%! &''()*'! +&,! -((.! )&/(0! '%! %12! 3.%45(/6(0! '%! 7+&2&7'(289(! '+(! )&'(28&5:,!;8,7%(5&,'87!*2%*(2'8(,<!=,! '+(,(!)&'(28&5,!&2(!1.8>8(/0!&'! 5(&,'! 8.!*&2'0!-?!7%))%.!&''28-1'(,!%>!'+(82!7+()87&5!)(7+&.8,)0!&!7%))%.!,'217'12(@*2%*(2'?!2(5&'8%.,+8*!,+%15/!-(!&**587&-5(!'%!(&7+!%>!'+()<!

! ""!
#$!%&'()%'(#*!+,! -%./0! -(12'!3.(*1!%!0#+3.'!&20#4#52#0/!.3&2!%.!6378(9":! !;#! '2%'!5305#./<!.5/&($(&!%(4.!#$!'2(.!50#=/&'!%0/!'2/0/$#0/!'>#$#-?@!!
ABC !"# $%&'(&)$# *)+(,)(+$-.+".$+)/# +$'&)0"1*20.*# 3"+# +$%$+*04'$#
1$)5"+6*!D!(*!'2(.!&%./<!3.(*1!%!4#?/-!E(/-.F6-?/0!*/'>#0G:!A"C !"!7$*081#&17#9&10.('&)$#9&)$+0&'*#)2+"(82#(17$+*)&17018#"3#)2$*$#
*)+(,)(+$-.+".$+)/# +$'&)0"1*20.*! D! .5/&($(&%--,<! +,! &#45#.('(*1! '2/!4#?/-!*/'>#0G!>('2!H09"!%*?!6378(9"!5%0'(&-/.:!

!"#"$"%&"'(B:! L-#K(*<! H:! M:N! 8&#''<! ;:! O:N! 6?P(4%<! J:! M:N! J#>4%*<! H:! Q:<! H#)%-/*'! 6?%5'%+-/!Q/'>#0G.! AH6Q.C@! 6! R*(S3/! T%0%?(14! (*! H0#..FU(*G/?! T#-,4/0.:!!"#$%&%'(#)'(*+
:;<;=!,-!AVC<!"VWXF"VYX:!":! A%C!T%0G<!Z:![:N!L-#K(*<!H:! M:N!8&#''<!;:!O:N!J#>4%*<!H:!Q:<!8'0/..!I/-%K%'(#*!+,!6??('(#*FO0%14/*'%'(#*!H2%(*!;0%*.$/0!(*!Z(12-,!H0#..FU(*G/?!;2(#-F[*/!Q/'>#0G.:!
!"#$%&%'(#)'(*+:;<;=!,-!A"WC<!B\B]]FB\B^\N!A+C!L-#K(*<!H:!M:N!8&#''<!;:!O:N!J#>4%*<!H:! Q:<! 8'0/..! I/-%K%'(#*! )(%! 6??('(#*FO0%14/*'%'(#*! H2%(*! ;0%*.$/0! (*! %! ;2(#-F/*/!T2#'#5#-,4/0(P%'(#*:! "#$%&%'(#)'(*+:;;>=!,.!A_C<!"YYBF"YYV:!X:! 64%4#'#<![:N!L(G3&2(<!`:N!`%.3*%1%<!Z:N!8%.%G(<! 8:N!9'.3G%<!Z:N!;%G%2%0%<!6:<!I/#01%*(P%+-/! H2/4(&%-! T#-,4/0! a/-.! J%./?! #*! E,*%4(&! H#)%-/*'! bK&2%*1/! %*?!H#*'0#--/?!`#*#4/0!c*./0'(#*:! "#$%&%'(#)'(*+:;;>=!,.!A""C<!]_XXF]_X]:!W:! A%C!H2/*<!d:N!E%4<!`:!6:N!9*#<!L:N!`%-<!6:N!82/*<!Z:N!Q3''<!8:!I:N!82/0%*<!L:N!e3?-<!O:<! 6! ;2/04%--,! I/F4/*?%+-/! H0#..FU(*G/?! T#-,4/0(&!`%'/0(%-:! /#0(1#(+:;;:=!.23!
! "#!
$%%&'()! *&+,-*.'"/! $0(! 1234)! 56/! 789:)! ;6/! <=:)! >6! ?6/! @234)! A6/! B8CC)! @6! D6)! B3E!F23GH=::I! D3H349=0:3! AJK2:I! 1GLMM-NJ4O39! PL:IH3GJQ! <=C3GJ=:M6!!"#$%&%'(#)'(*+

.7!$&()!*+'&-*+*"6!+6! ALV3E3::)!S6!N6/!AJ::)!Z6!S6!F6/!PLH3GI)!P6!S6)!_:3QCGL4!MVJ4!G3ML4=4Q3!MC89I!LT!C23!2LHLVL:IH3GJ`=CJL4!LT!=GLH=CJQ!0JMH=:3JHJ93M6!8%'9&($+(''%$!,:!$"#()!%&'*-%&'.6!*'6! $=(!ULJCJ)!_6/!A3=C:3I)!;6/!A8K:J4)!<6!Y6/!D3KL)!S6!<6)!?J43CJQ!=MV3QCM!LT!C23!ZJ3:M->:93G! G3=QCJL4! 03CE334! VL:I$MCIG343-QL-T8GT8GI:! H3C2=QGI:=C3(! =49! 0JMH=:3JHJ936!
;)$%<("3+8%'9&($+=%)$3"'+!"")$!.>!$.()!*W%*-*W&'/!$0(!ULJCJ)!_6/!A8K:J4)!<6!Y6/!D3KL)!S6!<6)! @LH3! VGLV3GCJ3M! LT! 43CELGOM! VGL98Q39! 0I! C23!ZJ3:M->:93G! G3=QCJL4! 03CE334!VL:I$MCIG343-QL-T8GT8GI:!H3C2=QGI:=C3(!=49!0JMH=:3JHJ936!;)$%<("3+8%'9&($+=%)$3"'+
!"")$!.>!$"()!"*+-""&6!**6! $=(!YLMH=4)!>6!76/!@Ja03MH=)!D6!P6/!<3Ja3G)!_6!76)!@8VG=HL:3Q8:=G!VL:IH3GM!=C!ELGO6!!"4($5"'*+?%1"9+!"")$!@! $W()!#W-#+/!$0(!@L34Ca34M)!@6!A6!<6/!D34O34)!D6!>6!_6/!R=4!U3H3GC)!U6!<6!N6/!_4K3:M)!F6!>6!P6/!YLMH=4)!>6!76/! S=4MM34)!A6!<6/!ULR=3GC)!N6!_6/!Y==Ja34M)! ;6! P6! F6)! F23GHLV:=MCJQ! _:=MCLH3GM! Y=M39! L4! @CGL4K! =49! 73::-Z3TJ439!AI9GLK34-YL49J4K!b4C3G=QCJL4M6! "#$%&%'(#)'(*+!""%$!./!$*%()!%.'#-%.',6!*"6! Y8G=CCJ4J)! @6/! 1L:c82L84)! A6! <6/! UG334:=49)! Y6! 76/! A=I3M)! 76)! >! 4LR3:! M3:T-23=:J4K!M8VG=HL:3Q8:=G!VL:IH3G!MIMC3H6!A"$"1"9+B5*#)**5%3*+!""'$!/.,)!"%*-"&W6!!!
! "#!
!"#$%&'()*(+&,$&'#%-'&(.&$&/0&/%(1%'&22(3&4#5#%67/(6/(#(870&4((
.6&429:40&'(;&%<7'=(


! "#!



! "#!


! "#!
!

!""#
!"""#
!""""#
!"""""#
!""""""#
!"""""""#
!"# $"# %"# &"# '"# !!"# !$"#
!
"#
$%
&
'#
()*+),&-.,)#$/0'##
()*+#()#
,# ,#
,#
-.+*/0/1*#
234.5#
67#711389#
:/);#(#<=>#(#
! "#!
$%&'(')*! +,-./*! 01&! 2%! &3$%1)24023! 2502! 253! 26$3)70(3! %834! 95675! 253! 1329%4:!;35083)!0)!0!)%(6&!6)!0&<')20;(3!01&!0!)24%1=!>'1726%1!%>!253!23$?3402'43@!
!
!"#$%&'()*+!!A%1%$34)!BCD!01&!EFGA!')3&!>%4!253!3H?346$312)!61!256)!9%4:@!!BCD! 6)! 0!$6H2'43! %>! IJK! 246>'1726%10(! 01&! #IK! 23240>'1726%10(! '162)! (30&61=! 2%! 0!>'1726%10(62LM936=523&!08340=3!>'1726%10(62L!%>!N@#@!
!
O
O
S
O
R
R=  H or
O
R
O
R
O
R
N N
O
O
O
O
R1
N
O
O
O
R2
R1N
O
O
O
R2
SRF
DPBM
+
+heat -heat
O
O
S
O
R
R=  H or
O
R
O
R
O
R
N N
O
O
O
O
R1
N
O
O
O
R2
R1N
O
O
O
R2
SRF
DPBM
+
+heat -heat
! "#!
!"#$%&'()(*! !$%&!'%&()*(&+&(,-./&!0-&/,12/3&(!(&45'-*6!.&'7&&6!89(46!:/&8';!463! )4/&-)-3&! :(-<%';! )*-&'-&,=! ! $%&,&! )*-&'-&,! '&63! '*! 8*()! 43395',! 4'! /*7!'&)>&(4'9(&?!7%&(&! '%&!43395',! 4(&! ,9.,&@9&6'/A! '%&()*(&+&(,-./&!7-'%! 5*6,'46'!8*()4'-*6! 463! 5/&4+4<&! *8! '%&! 43395'! ,'(95'9(&! 3-5'4'&3! .A! '%&! '&)>&(4'9(&!3&>&63&6'!B-6&'-5,!463!&@9-/-.(-9)!(&45'-*6!&C'&6'=!

! "#!
$%&'(')*'&+!*$,$*-'./!.0! 12$!3'$(-45(6$*! 766&81! 1.!+7($'+'6$!7/6! 0&*7/!9*.&:-! 71!2'92!1$+:$*71&*$-;!!!

!
=";HA!
O$87&-$! LMN#! '-!&/D/.C/!7/6!7--&+$6!/.1! 1.!)$!7! 0&/81'./!.0! 1$+:$*71&*$J!C$! 9*.&:$6! 12$! 8./8$/1*71'./! 7/6! $%&'(')*'&+! 8./-17/1! 1.9$12$*! 1.! 0.*+! 7! ,7/P1!Q.00!$%&71'./!=I%&71'./!";EA!
=";EA!
! 
Keq =
x
[L]0(1" x)(r"1 " x)
! 
ln(Keq[L]0) = "
#H
RT +
#S
R
! "#!
!

P*!60(0.82&0! (/0!0E,0.280&(%-!W0-! (08,0.%(G.0Z! (/0! +.0YG0&7[!60,0&60&70!*+!(/0!7*8,-0E!3/0%.!8*6G-G3!`aHbJ!D%3!.07*.606!%(!30K0.%-!(08,0.%(G.03!&0%.!(/0!W0-!,*2&(Z!%&6!(/0!3(*.%W0!%&6!-*33!7*8,*&0&(3Z!`'!%&6!`''!%.0!,-*((06!2&!A2WG.0!"=_=!!!
O^!O#!
9!#!
^!"!
X!
9=99^^! 9=99^X! 9=99^<! 9=99^T!
,-
./
0
1
)'2
3-
45
)6
'
789'.78:&,;"-6'
! "#!
$%&'(! )#*+,-! .//! 01! 23(45(3! 5647! ./! 8&3! 56(! (7503(! 83(9:(7;<! 3472(-! =60;6! 01! 4!;6434;5(30150;! &8! >09:0?@>0A(!B45(304>1C! ! $5! 5(BD(345:3(1!%(>&=!))E+,-!./! 01! 23(45(3!5647!.//!8&3!6026!16(43!83(9:(7;0(1-!%:5!41!56(!83(9:(7;<!?(;3(41(1-!56(!B&?:>0!;3&11!&'(3! &7(! 47&56(3! 47?! 56(! >09:0?! B&?:>:1! 01! 23(45(3! 5647! 56(! 1&>0?! B&?:>:1!56(3(485(3C!
!

!"
!#
!"
!!
!"
"
!"
!
!"
#
!"
!
!"
#
!"
$
!"
%
!"
&
!"
'
()*+,-./012-./3.24+2)56/7.-890:
;
<
8
+
,+
0
/7
=
-
:
/
/
!"
!#
!"
!!
!"
"
!"
!
!"
#
!"
!
!"
#
!"
$
!"
%
!"
&
!"
'
()*+,-./012-./3.24+2)56/7.-890:
;
<
8
+
,+
0
/7
=
-
:
/
/
>?//!!"@A
>??/!!"@A
>?//!!&@A
>??/!!&@A
>?//!!B@A
>??/!!B@A
>?//!!C@A
>??/!!C@A
>?//!#!@A
>??/!#!@A
! ""!
#$!%&'!())*!'%+,*!$%&$-!.+/!0%1'23&4!*)$,+/5'-!$%)!678!3/2$)/2+*!'$244!&0042)'9!!.+/!$2:)'3&4)'!:;3%!'%+/$)/!$%&*!$%)!&<)/&=)!34;'$)/!42.)$2:)-!!
>"?"@!

! 
"pg =
"b
Navg,eqm
! "#!
!
!

!"
!#
!"
!!
!"
"
!"
!
!"
#
!"
!!
!"
"
!"
!
!"
#
$%&'()*+,-.)*+/*.0'.%12+3*)45,6
7)
%
34
6
+
+
!!"89
!!:89
!!;89
!!<89
!#!89
! "#!
$%$&'(! )*! %$+&,(! -./! 0123),4! 56$&$+7! 86$! &9:! +;8<=+8<)%! $%$&'(! 6+7! >$$%!3$+7?&$@A/!+8!BB!0123),C!
!

:@@<8<)%+,,(4! 86<7! ,)77! 8+%'$%8!7;+,<%'!+8! ,)5! *&$J?$%;(!+FF$+&7! 8)!;)%8<%?$!?F5+&@7!5$,,!+>)=$!86$!;&)77)=$&!*&$J?$%;(!<%8)!86$!7),<@!&$'<3$4!7?''$78<%'!86+8!86$!3$;6+%<73!)*!86$!&$+&&+%'$3$%8!)*!86$!'$,!)=$&!8<3$!<7!<%8<3+8$,(!;)%%$;8$@!8)!
!!" !!# !!$ !!% !!&
"
!
#
'
$
(
%
)*+,*-./0-*12345
4
-6
7
7
6
8
*
-1
/9
+
*
12
7
5
#:(% #:(& #:% #:%#
;1!"
!'
!!:(
!!
!":(
"
!<)*+,*-./0-*
2!<=*>89?5111
>?
2!
<4
-6
7
7
6
8
*
-1
/9
+
*
51
2>
?
2!
<7
55
! "#!

!

!!" !!# !!$ !!% !!&
"'(
"'(#
"'($
"'(%
"'(&
"'$
"'$#
)*+,*-./0-*12345
/.
6
27
51
/8
+
*
12
9
5
#':% #':& #'% #'%#
;1!"
!(
"'&:
"'<
"'<:
!
!'":
!'!
!'!:
!'#
!=)*+,*-./0-*
2!=>*?@865111
?6
2!
=/
.
6
27
51
/8
+
*
51
2?
6
2!
=9
55
! "#!

L9'!43'567+629!+,%+!4325=7'8!<=%9+6+%+6B'!%>3''&'9+!@'+?''9!+,68!?23M!%95!+,'!./0!+,'23)!68!+,'!3'(%+6298,64
! 
"max #" bond $

! "#!
!
$"%&'!
()*)+!,!-.!/0!1020340!530.6/06%!!7.-08!/0369)*!:)/.6!.;1/*).!<-6!63!).6-=/6)!,!/0>! ?8):+! 69-.! =)693>! >)6)*=-0).! ?8):! 63! @)! #AB+! 49-59! 53**).?30>.! 63! /! 8):!6)=?)*/61*)!3<!CDA%EF,+!-0!)G5)::)06!/8*))=)06!4-69!69)!8):!?3-06!530H)*.-30!*/08)!).6/@:-.9)>!@I!69)!JKL!/0>!MK,!8):!?3-06!5*-6)*-/%!

! 
pgel = p "
#max
C e
"Ea
RT
! "#!
!"#$%&'$()*+,
!"#$%&"'(!$%$!&'()*+,-).)/0&1%$&2+).,-).)340567-)060/)! '89:(3! '#;<3%! *=0)*+,-760.)!'##<3%! 7./! >?=>?=,-!6)=@72*7.! '#;<3!A)=)! 7@B?0=)/! >=C6! D0E67F! 9).*7)=,*+=0*C-!*)*=77@=,-7*)!'DGH#;3!A75!C=/)=)/! >=C6!D7=*C6)=F! !DC-I).*5!A)=)!2?=@+75)/!>=C6!J05+)=! D@0).*0>0@F! K--! =)7E).*5! A)=)! ?5)/! 75! =)@)0I)/! )L@)2*! >?=>?=,-! 6)=@72*7.%!A+0@+!A75!I7@??6!/05*0--)/!*C!=)6CI)!062?=0*0)5F!!

! "#!
$%&'! ()*+,-.! /*-*! 01,.23*4! /2,5! .! %5*-60782+09*,! :.;3.7&'! <=#! (*-2*>! &&!>)*+,-06*,*-! ?>23;! .! +?>,06! >.6)9*! >,.;*! .34! ,*6)*-.,?-*! +03,-099*-@! ! (.6)9*>!/*-*!)-*).-*4!.>!4*>+-21*4!)-*A20?>9B@C#!

!"#"$"%&"'(C@! 4*!Q*33*>R!S@!Q@R!!"#$%&'(")&"*+,-(%&(+)$./*0(+1.-%"-@!O0-3*99!T32A*->2,B!S-*>>U!&,5.+.R!8@V@R!CI<IW!)!XH"!)@!H@! Y009R!'@!S@W!Z[O0330-R!\@!:@R!D!,5*0-B!+-.+G!5*.923;!23!)09B6*->@!2(3++$(41.-(
56758!56!]C#^R!=I=X7=IMX@!X@! _?4R! \@W! \.?>+5R! P@! P@W! Y2992.6>R! _@! Q@R! $-.+,?-*! 6*+5.32+>! >,?42*>! 0F! +-.+G!5*.923;!.34!/*9423;!0F!)09B6*->@!2(7#,*0(!"%(56758!89!]C^R!H#"7HC#7HC#@!"@! :.+5,R! :@! E@W! '.56R! Y@! L@W! S.23*R! P@! Y@R! &3`*+,203! :09423;@! :&;<-,0%#$( =(
>&'%&**0%&'(?1*/%-,0.(56958!@@!]=^R!=MX7=M<@!=@! Z9.12>2R! Z@R!A#&;B))C( )D( ,1*0/)+$#-,%"-@! :.-+*9! a*GG*-U! 8*/! V0-GR! CII<W! )!KA2R!C#=X!)@!M@! Y23,*-R!P@W!:0?->R!:@R!'5*090;B!0F!S09B6*->!8*.-!E2b?247(0924!%-.3>2,203>@!&3!
E*<,0)&( !+%&( >"1)( !+*",0)-")+.( F%-")*$#-,%"%,.( G1*)$)'.R! ()-23;*-! c*-923! d!P*24*91*-;U!CII<W!e09@!CX"R!))!CM=7HX"7HX"@!<@! O0-42*-R! S@W! %0?-3295.+R! $@W! (0?92*7f2.G0A2+R! O@W! E*219*-R! E@R! (*9F75*.923;! .34!,5*-60-*A*->219*!-?11*-!F-06!>?)-.609*+?9.-!.>>*619B@!E#,<0*(:;;78!H58!]<CgC^R!I<<7g#@!
! "#!
$%! &'(!)*+,-'./!0%!1%2!0',*/!3%!4%2!3*56*7/!1%!8%2!9':;*7/!<%!4%2!07'-*7/!1%!4%/!3=,*+!>7'.?5*.@! A*@:=7;?! B7=-! C@7=.D+E! 9E,7=D*.FG=.,*,! H=+E-*7?%! !"#$%&%'(#)'(*+
`R*! H'7',5D-! 5.! <7=??FY5.;*,! H=+E-*7?%!!"#$%&%'(#)'(*+
!"%"$!,=!&a(/!Ia"^FIaW^%!#I%! &'(!H'7;/!9%!b%2!0+=\5./!<%! 4%2!CP=@@/!>%!)%2!G=:-'./!<%!A%/!C@7*??!N*+'\'@5=.!ME!Z,,5@5=.F)7'D-*.@'@5=.!<O'5.!>7'.?B*7!5.!95DO+E!<7=??FY5.;*,!>O5=+Fb.*!A*@:=7;?%!
!"#$%&%'(#)'(*+!"%"$!,=!&I"(/!#K#$$F#K#JK2!&M(!0+=\5./!<%!4%2!CP=@@/!>%!)%2!G=:-'./!<%! A%/! C@7*??! N*+'\'@5=.! X5'! Z,,5@5=.F)7'D-*.@'@5=.! <O'5.! >7'.?B*7! 5.! '! >O5=+F*.*!HO=@=Q=+E-*75['@5=.%! "#$%&%'(#)'(*+!""#$!,-!&L(/!IWW#FIWWa%!#^%! Z-'-=@=/!b%2!05;RPO5/!3%2!3'?R.'D'/!9%2!C'?';5/! C%2!c@?R;'/!9%2!>';'O'7'/!Z%/!N*=7D'.5['M+*! <O*-5P'+! H=+E-*7! d*+?! G'?*,! =.! ]E.'-5P! <=X'+*.@! 1\PO'.D*! '.,!<=.@7=++*,!3=.=-*7!S.?*7@5=.%! "#$%&%'(#)'(*+!""#$!,-!&II(/!$L^^F$L^$%!#"%! <O*./!e%2!]'-/!3%!Z%2!c.=/!0%2!3'+/!Z%2!CO*./!9%2!AR@@/!C%!N%2!CO*7'./!0%2!8R,+/!)%/!Z! >O*7-'++E! N*F-*.,'M+*! <7=??FY5.;*,! H=+E-*75P! 3'@*75'+%! >#3(/#(+ !""!$! -?@!&WWaK(/!#aJ$F#LKI%!#W%! <7'X*./! 4%! 3%! <7=??F+5.;*,! >O*7-'++E! N*X*7?5M+*! H=+E-*7?! H7=,RP*,! B7=-!<=.,*.?'@5=.!H=+E-*7?!:5@O!H*.,'.@!)R7'.!d7=RQ?!<7=??F+5.;*,!:5@O!3'+*5-5,*?%!^"^WKK^/!#JaJ%!#a%! N=M*7@?/!3%!<%2!3'O'+5.D'-/!Z%2!9'.?=./!3%!<%2!05?*7/!H%!)%/!<O*-=7O*=+=DE!=B!HO*.E+M=7=.'@*FC'+5PE+OE,7=\'-'@*! <7=??FY5.;*,! 9E,7=D*+! A*@:=7;?! :5@O! '!CR+B=.'@*,!H=+E-*7!G'P;M=.*%! "#$%&%'(#)'(*+!""&$!,;!&II(/!$$^IF$$"K%!#L%! CP=@@/! >%! )%2! ]7'RDO=./! N%! G%2! G=:-'./! <%! A%/! ZP@R'@5=.! 5.! <7=??+5.;*,!H=+E-*7?! X5'! HO=@=5.,RP*,! C@7*??! N*+'\'@5=.%! A1:"/#(1+ !"0($3"'*+ !""'$! ;B! &#a(/!I#I$FI#^I%!#$%! &'(!fO'.D/!b%2!G7=*;OR5?/!Z%!Z%2!H5PPO5=.5/!)%/!>O*7-'++E!C*+BF9*'+5.D!H=+E-*75P!3'@*75'+?U!>O*!A*\@!C@*Q!@=!N*PEP+5.D!>O*7-=?*@!H=+E-*7?g!!"#$%&%'(#)'(*+!""#$!
,-! &a(/! #JKaF#J#I2! &M(! <OR6=/! b%2! C','/! 0%2! C'*DR?'/! >%/! N*X*7?5M+*! D*+'@5=.! =B!Q=+E=\'[=+5.*! ME! -*'.?! =B! ]5*+?FZ+,*7! 7*'P@5=.%! !"#$%&%'(#)'(*+ %##"$! -=! &#K(/!Ia^aFIa"#%!#J%! d=5@5/!1%2!9RD+5./!3%!G%2!N*D=/!4%!3%/!C=-*!Q7=Q*7@5*?!=B!.*@:=7;?!Q7=,RP*,!ME!@O*! ]5*+?FZ+,*7! 7*'P@5=.! M*@:**.! Q=+E&?@E7*.*FP=FBR7BR7E+! -*@O'P7E+'@*(! '.,!M5?-'+*5-5,*%!C)$%D("/+.%'E&($+F%)$/"'+!""($!,<!&I(/!I#JFIIa%!IK%! H'7;*7/!C%!)%/!V5M7'@5=.'+!?Q*P@7=?P=QE!=B!AFQO*.E+-'+*5-5,*%!>D(#0$%#83&3#"+
A#0"+."$0+AG+!%'(#)'"$+"/1+H3%&%'(#)'"$+>D(#0$%*#%DE+!""'$!I=!&^(/!W""FW"J%!I#%! C:'.?=./! 4%! H%2! N=[X',=X?;E/! C%2! C*QQ'+'/! 4%! 1%2! 3'P;'E/! 3%! 1%2! 4*.?*./! N%! 1%2!<=?@'.[=/! H%! 4%/! ]*X*+=Q-*.@! =B! H=+E-*75P! HO'?*!<O'.D*!3'@*75'+?!c.! @O*! M'?5?! =B!]5*+?FZ+,*7!<O*-5?@7E%! "#$%&%'(#)'(*+!"%"$!,=!&#"(/!a#^WFa#"#%!
! "#!
##$! %&'!()*+,-.!/$!0$1!23*4.!0$!5$.!!"#$%&'#(%)*+,-+-)".$+&'/0%#./*$!/6*7!89:+;<!=+>!?6@A.!BCCC1!D!EF9.!CGH!D1!%I'!2+@@;.!/$!J$.!1.*/,')%*(./+23,2'3(.'*+,-+2,)4&'3*$!G@K!+K$!+K$1!89:+;<!=+>!?6@A.!BCLM1!D!N"B$!#G$! O3I974,+97.! P$1! (+Q+76F.! 0$! =$.! R*+@Q6@+F+@49I:+! S+:&,967! 97! (6:3,9674! 6T!0446)9&,97U!V6:;Q+@4$!#$!W97+&@!J;7&Q9)4$!5%/3,&,)'/")'*+!""#$!67!%"'.!BGLNXBGCY$!#"$! 2:6@;.!V$!/$.!237K&Q+7,&:!V@97)9D:+4!6T!Z67K+74&,967!V6:;Q+@9-&,967$!80'&./%)+
9':.';*+!"%&$!6<!%B'.!BGYXBCY$!#H$! %&'!P9::+@.!J$!O$1!P&)64A6.!Z$!8$.!0!=+>!J+@9F&,967!6T!V64,!S+:!V@6D+@,9+4!6T!=+,>6@A!V6:;Q+@4$!5%/3,&,)'/")'*+!"'&$!<!%#'.!#MNX#BB1!%I'!897,+@.![$![$.!Z&7!,*+!U+:!D697,!6T!&!)@644X:97A97U!D6:;Q+@!I+!K+,+),+K!I;!,*+!S!!\!S"!)@6446F+@]!=,)4&'3+
>#?.#''3.#?+@+A/.'#/'+!"#'$!BC!%##'.!BNCLXBYM#$!#N$! %&'!(+Q+76F.!0$!=$1!O3I974,+97.!P$.!R*+@Q6@+F+@49I:+!S+:&,967!97!(6:3,9674!6T!0446)9&,9F+! V6:;Q+@4$! B$! (,&,9)4$! 5%/3,&,)'/")'*+ !""#$! 67! %"'.! BGYGXBGLH1! %I'!R&7&A&.! 2$.! R*+6@;! 6T! ,*+@Q6@+F+@49I:+! U+:&,967$! 5%/3,&,)'/")'*+ !"#"$! BB! %"'.!BCLLXBCC"$!!!
! "#!
!"#$%&'( )*( +( ,-.$/&( '&/#%-01,"-$( '&/#%-12( /-1&#'( 3-,40&/#,%-4(
$'0$&'%-&,( #15( 4"&.-4#/( ,%'64%6'&( -1( #( .05&/( 7-&/,8+/5&'(
$0/9.&'(1&%:0';(

! ""!
#$%&'()! *+! +$! +*%),+)%&)('+-()! .-&)(&$.*+*$/! %)+0$1.! $2! 1).#(*3*/4! +('/.*)/+!/)+5$(6!()7'8'+*$/9!


! "#!
$%&'(%)*+,-#! ./&*01+*.! %)*20! 31.41*! .4)0+! '560.+/0! 78196/+! ":-;<! &! 0'&51*9!/+5&.1)*041=!%+.3++*!%)*2!51>+.1?+!&*2!/+5&@&.1)*!1*!.4+!0)5!&*2!9+5!0.&.+0!*+&/!.4+!9+5!=)1*.!'&*!%+!2+/1A+2:!
!
!"#$%&' ()*+! B106&51C&.1)*! )>! ./&*01+*.! '560.+/! /+5&@&.1)*! A1&! %&'(%)*+!%/+&(&9+:!D)52+2!%)*20!/+=/+0+*.!'/1.1'&5!')**+'.1)*0!341'4<!34+*!0=51.<!./&*0>)/?!)*+!./&*01+*.!'560.+/!1*.)!.3)!/)6945E!+F6&5!=&/.0:!! ! 7":-;!
G*!+F6&.1)*!7":-;<!.4+!%)*2!51>+.1?+!!"!10!.4+!2+'&E!')*0.&*.!)/!.4+!1*A+/0+!)>!.4+!(1*+.1'!/&.+!')*0.&*.! >)/!.4+!.4+/?)/+A+/01%5+! 51*(0! 1*!.4+!'560.+/<!&*2!!#! 10! .4+!/4+)5)91'&5! 51>+.1?+! )>! .4+! '560.+/! &0! &! 34)5+:! G*! .4+1/! =&=+/<! H+?+*)A! &*2!I6%1*0.+1*!?&(+!.4+!&/96?+*.!.4&.!.4+!.3)!.1?+0'&5+0!'&*!%+!/+5&.+2!.4/)694!$J%K

! 
"
l
#"
b
$
! "#!
$%!&'()*!+,!&-'!)+*&!$).+(&/%&!)/&'($/0!./(/)'&'(*1!!2+%3'(*$+%!4!56!7+%8!0$,'&$)'!4"#56! 9'0! .+$%&! 2+%3'(*$+%! 4!$%&56! /%8! &-'! 0+%9'*&! ('0/:/&$+%! &$)'! $%! &-'! %'&;+(<!4"'()5=! !4"=>5!


?%! &-$*! ('.+(&6! ;'! /$)! &+! 8')+%*&(/&'! &-'! 3'(*/&$0$&A! +,! &-'! O')'%+3SK@7$%*&'$%! 4OK5! &-'+(A6!./(&$2@0/(0A!/*!':.('**'8! $%!'Q@/&$+%! 4"=>56!/*!/%!/22@(/&'!
! 
p = C
"max
" b
+ pgel
! "#!
$%&'()*+),-!.,(!+/%!0)&',%12&+)'!3%/20),(!,.!+/%(4,(%0%(&)315!'(,&&1)-6%$!42+%()21&7!8/)'/! (%*(%&%-+! 2-!%0%(9)-'(%2&)-:15! )4*,(+2-+! '12&&!,.!42+%()21&;! !</)&! 2**(,2'/!8)11!=&%!2!'/%4)'2115!8%119$%.)-%$!4,$%1!>)%1&9?1$%(!-%+8,(6!+,!',=*1%!%@*%()4%-+&!8)+/!+/%,(5!2-$!$%4,-&+(2+%!+/%!021)$)+5!,.!+/%!+/%,(5!.,(!+/%&%!42+%()21&;!

!

R1N
O
O
O
R2
R1N
O
O
O
R2
+
-!
!
! "#!
$%&'(!'()!*'+,-*-),!*.-,/-,01!2%+/-$%(3/-.('+!$%&'(!'()!*'+,-*-),!*.(.*,&0!4'5,!6,,(!%0,)!-(!'!(%*6,&78977:!7;!.$!'<<+-3'/-.(0!/.!$.&*!/4,&*.&,5,&0-6+=!3&.00+-(>,)!<.+=*,&01! ?4-0! &,'3/-.(! @,(,&'++=! $.++.A0! 0/'()'&)! 34,*-3'+! ,B%-+-6&-%*!6,4'5-.&!'0!-(!,B%'/-.(!"1;:!A4-34!4'0!<&,5-.%0+=!6,,(!&,<.&/,)1;:!7"!
C"1;D!
E,&,:!F!-0!/4,!3.(5,&0-.(!.$!'!+-*-/-(@!&,'@,(/:!GHIJ!-0!/4,!-(-/-'+!3.(3,(/&'/-.(!.$!/4'/!+-*-/-(@!&,'@,(/:!&!-0!/4,!&'/-.!.$!+-*-/-(@!/.!,F3,00!&,'@,(/:!KEJ!-0!/4,!4,'/!.$!&,'3/-.(! '()! KLJ! -0! /4,! ,(/&.<=! .$! /4,! &,'3/-.(1! ?4-0! '<<&.'34! ),03&-6,0! /4,!,B%-+-6&-%*! 3.(0/'(/! MN! '0! '! $%(3/-.(! .$! '60.+%/,! /,*<,&'/%&,! ?! A-/4! /4,!'<<&.<&-'/,!-),'+!@'0!3.(0/'(/!O1!

?4,!3&.00+-(>!),(0-/=!-0!4-@4!,(.%@4!-(!/4,!$%++=!$%(3/-.('+-R,)!3'0,!/.!$.&*!'!@+'00=!<.+=*,&!'/!'*6-,(/!/,*<,&'/%&,V7"!4.A,5,&:! -/0! $%(3/-.('+-/=! -0! +.A!,(.%@4!/4'/!'!*.),0/!-(,B%'+-/=!.$!0/.-34-.*,/&=!C-(!.%&!3'0,!&WJ1;X!/.!J1YD!-0!0%$$-3-,(/!/.!
! 
KC T( ) =
x
[L]0(1" x)(r"1 " x)
= e
"
#H °"T#S°
RT
$ 
% 
& 
' 
( 
) 
! "#!
$%&'&()!*&+,)-.(/! &'&(!,)! )0&!&12-+-3%-24!5.('&%6-.(!.7! )0&! +-4-)-(*! %&,5),()!,)!,++!)&4$&%,)2%&6! 6)28-&89! :;! 5.43-(-(*! )0&! &77&5)6! .7! )0&6&! )<.! 5,$,3-+-)-&6! 7.%!5.()%.++-(*!)0&!6;6)&4/!,!*&+!$.-()!5.('&%6-.(!,(8!-)6!5.%%&6$.(8-(*!*&+!)&4$&%,)2%&!5,(!3&! ),%*&)&8!82%-(*! )0&! 7.%42+,)-.(!6)&$/!<-)0.2)!,(;!,88-)-.(,+! 6;()0&6-69!=&!)..>! ,8',(),*&! .7! )0-6! &77&5)! ).! )&6)! )0&! ?&4&(.'! ,(8! @23-(6)&-(! )0&.%;! <-)0!,(,+.*.26!4,)&%-,+6/!32)!,)!6&'&%,+!8-77&%&()!5.(8-)-.(69!
!
!"#$%$&'()*!A2+)-72%,(!4.(.4&%!?@B!26&8! -(! )0-6!6)28;/!,!$&(),&%;)0%-).+!)%-CD)&)%,,5%;+,)&!E?@F#GH!6236)-)2)&8!'-,!A-50,&+!,88-)-.(!<-)0!72%72%;+!4&%5,$),(!,(8! .5),(&)0-.+9! B2(5)-.(,+-);! -6! ,8I26)&8! 3;! ',%;-(*! )0&! %,)-.! .7! 72%,(! ).! .5),(&!4.-&)-&6! -(! )0&! %&,5)-.(! 6)&$9! J0&6&! 5.4$.6-)-.(6! ,%&! 8-6)-(*2-60&8! 3;! 8-6$+,;-(*!)0&!%&62+),()!&77&5)-'&!72(5)-.(,+-);!-(!$,%&()0&6&6/!&9*9!?@BEK9LH9!
!
!"#$%$& '(+*! :-64,+&-4-8&! 4.(.4&%! MN:A! 26&8! -(! )0-6! 6)28;! EO/O!CE4&)0;+&(&8-C"/OC$0&(;+&(&H! 3-64,+&-4-8&H9! =0&(&'&%! ,! 5.4$.6-)-.(P6!6).-50-.4&)%-5!%,)-.!-6!-(8-5,)&8/!,6!-(!?@BEK9QH!%RL9S/!)0&!%,)-.!-(8-5,)&6!)0&!,4.2()!.7!4,+&-4-8&!26&8/!,6!,!7%,5)-.(!.7!)0&!72%,(!4.-&)-&6!26&89!
O
O O
O
O O
O O
R
R
R
R
OO
O
OO
OHO
R
R
R
R=
or
O
S
S
N N
O
O
O
O
! "#!
!"#$%&'$()*+,*(-,./$0%$)&1*+,2$)/0-3,
45()/$3&3,06,'0(0'$%3,$%&'! ()*)!+(,-./01-2-34+5*)+6/-201-2-7! 849,:1-4,43-7*! .;4-./01:,42-*!<=;<=;01!,-;>:6.:2!:23!?>.:2-./4?1!@-;-!6=;>/:9-3!<;?,!A4B,:+C13;4>/D!AEFG"!@:9!;->-4H-3!<;?,!A:;.?,-;D!$4>/1?;?,-./:2-!9=6614-3!80!I49/-;!@:9!=9-3!:9!9?1H-2.D!
AEI(JDK7!@:9! 902./-94L-3! :9! ;-6?;.-3! 6;-H4?=910DF5! &;4-<10*! AEFG"! :23! "M!,?1:;! -N>-99! ?<! <;-9/10! 349.411-3! <=;<=;01! ,-;>:6.:2! @-;-! ,4N-3! @4./! :2! -O=:1!H?1=,-!?<!34>/1?;?,-./:2-D!P/49!9?1=.4?2!@:9!9.4;;-3!>/411-3! 42!:2! 4>-!8:./*!:23!)!@.M!.;4-./01:,42-!@:9!:33-3!.?!>:.:10L-!./-!'4>/:-1!:334.4?2D!C<.-;!F5!/?=;9*!./-!;-:>.4?2!@:9! >?,61-.-! :9! H-;4<4-3! 80! 6;?.?2!Q'ED! RN>-99! <=;<=;01!,-;>:6.:2! :23!.;4-./01:,42-!@-;-!;-,?H-3!=23-;!/4B/!H:>==,D!
AEI(JD#7! @:9! 902./-94L-3! :9! 3-9>;48-3! :8?H-*! 8=.! =942B! S#M! ?<! ./-!9.?4>/4?,-.;4>! :,?=2.! ?<! <=;<=;01! ,-;>:6.:2*! 9=89.4.=.42B! TJ"M! ?>.:2-./4?1D!I=;<=;01!,-;>:6.:2!;-:>.9!,=>/!<:9.-;*!:9!4.!/:9!:!1?@-;!6UC*!:23!2?!-N>-99!<=;<=;01!,-;>:6.:2! 6-:V9! @-;-! 9--2! 42! 6;?.?2! Q'E! =6?2! ;-:>.4?2! >?,61-.4?2*! 9?! ./-!,?2?,-;!49!./-;-<?;-!:!J#M!?>.:2-./4?1+9=89.4.=.-3!H-;94?2!?<!AEI(JDK7D!
708%&$%,)%*(360%',&(6%*%$-,3#$1)%0310#5,W2<;:;-3!96->.;:!@-;-!>?11->.-3!?2!:!P/-;,?+Q4>?1-.!':B2:+WE!S"#!A-;4-9!WW!429.;=,-2.! @4./! :! >=9.?,! 9:,61-! 9.:B-! :23! .-,6-;:.=;-! >?2.;?11-;! >?,842:.4?2D!A:,61-!6;-6:;:.4?2!49!3-9>;48-3!42!:!6;-H4?=9!6=814>:.4?2DJ!
! "#!

*'$++,-./)0#.+-&()%*+! 3/5315/.8,9! ,7! 3),00589F! 2+908.:! 7,)! 10+! 89! 2+.+)-8989<! .*+! .*+,)+.83/5!45/.+/1!-,21510!P4;.*+,)!80!893512+2!/0!0144,).89<!897,)-/.8,9B!

! "#!


!"#$%&'"#%()*$+,O+!4'@%!/*%!+,!&-%!5%)'&(+0*-(?!(0!XP/'&(+0!Y1#F! (&! (*!.)%'5!&-'&!%P/()(B5(/4F!@(0%&(.F! '0$! *&5/.&/5')! ?'5'4%&%5*! +,! &-%! 4+0+4%5*! 4/*&! B%! .+4B(0%$! =(&-!4%.-'0(.')! 4%'*/5%4%0&*! +,! &-%! ?+)A4%5! 4(E&/5%1! ! X*&(4'&%*! ,+5! &-%! -%'&! '0$!
! "#!

!! ! ! JQ=QP!
1,0! 50$8! &(! $0&.@,&$! &4$! +('1,'8! ,%8! '$6$'0$! ',&$! -(%0&,%&0! 9+! ,%8! 9'!-(''$0)(%8.%7! &(!$,-4!@$,05'$@$%&/!14.-4!,20(!,22(1$8! +('! &4$!-,2-52,&.(%!(+! &4$!$E5.2.<'.5@!-(%0&,%&!RS=!3!'$)'$0$%&,&.6$!+.&!.0!)'$0$%&$8!.%!A.75'$!Q=T=!
!
!"#$%&'()*+!UV,@)2$!9.%$&.-!),',@$&$'0! +('!WDAJ#="P! 'NH=GI! ! ,&!IHHXS=!B4$!),',@$&$'0! 1$'$! (<&,.%$8! 6.,! %(%2.%$,'! 2$,0&;0E5,'$0! +.&! J0(2.8! 2.%$P! &(! &4$! ABCD!
! "# "! $#
"
"%!
$
$%!
&
'()*+,)(-.
/
0
1*
()
(2
*
+3
4
-
5
*
-
67
0
6(
4
-
+,
/
.
8
9
:#%$#;+/
!"
+)(-
!"
8
7
:#%#<<$+)(-
!"
=:$%&>+/
!"
??@:#%##>!
! 
"
d[A]
dt =
d[F]
dt =
d[M]
dt = kr[A] " k f [M][F]
! "#!
$%&$'&()*(+%&!,*(*!-.!/*)0')12!%3(*+&',!4)%/!/'*15)'/'&(1!%4!(6'!/*7'+/+,'!8'*0!4%5&,!*(!9:;!$/<=>!
!

-#>"2!
7'*C+&U! %&7D! (6'! /'*15)'/'&(! %4! (6'! 7%&U'1(! )'7*.*(+%&! (+/'! *1! *! 45&$(+%&! %4!('/8')*(5)'!3'4%)'! (6'!U'7!8%+&(N% !&'(N! *&,! (6'!/*(')+*7<,'8'&,'&(!8)%8%)(+%&*7+(D!$%&1(*&(N!)N!(%!3'!'1(+/*(',>!
!"#$%&'()*'+$#&'$,(-#$,".&.(V6'!C+1$%'7*1(+$!18'$()*!%4!%5)!/%,'7!&'(T%)01!6*C'!*!&5/3')!%4!+/8%)(*&(!4'*(5)'1!8)',+$(',!3D!EF!(6'%)D!(6*(!*)+1'!T+(6+&!(6+1!'.8')+/'&(*7!T+&,%T>!B1!*&!'.*/87'N!(6'!$%/87'.!16'*)!/%,5751!%4!EFG-R>Q2!)I;>9!/'*15)',!*(!=="Z[!+1!16%T&!
2.4 2.5 2.6 2.7 2.8 x 10
−3
0
1
2
3
Temperature−1 (Kelvin−1)
ln
(K
)
 
 
H0=−60±20 kJ/mol
S0=−116±60 J/mol/K
c
ln KC( ) = H° T S°RT
2.4 2.5 2.6 2.7 2.8 x 10−3
−4
−3
−2
−1
0
Temperature−1 (Kelvin−1)
ln
(k r
)
 
 
E
a
=88±20 kJ/mol
k0=1.3x10
11±2
 min−1 
ln kr( ) = ln k0( ) EaRT
! 
p T( ) = C
"max
" b T( )
+ pgel
! ""!

! "#!
!

!"
!!
!"
"
!"
!
!"
#
!"
$
!"
%
!"
&
!"
'
()*+,-.,*/0*123-!-4,+5678
(
)
*
+
,-
9
:
5
0
;0
7
-<
"=
<
""
-4
>
+
8
-
-
<"
<""
##6$
,*;+?##6$
#
##6$
9+?
<
@=A)*:,
! "#!
!

! 2J496!
!1DI,(&! J49! +&)*?.:(':&.! :%':! *,(! &KC&(D)&?:.! QD:%! .&B&('-! A*)C*.D:D*?.! '(&!A*?.D.:&?:!QD:%!:%D.!&KC&A:':D*?4!H?!'++D:D*?'-!D)C-DA':D*?!*/!:%&.&!C-*:.!D.!:%':!:%&!(':&! */! A(*..-D?S! +D..*AD':D*?! QD--! G&! 'G*,:! P8T! :%&! (&:(*MUD&-.MH-+&(! (':&! ':! '!+D.:'?A&!/(*)!:%&!I&-!C*D?:!VW3X>!G,:!+(*C.!:*!;8T!':!VW"X!D?!:%&.&!A*)C*.D:D*?.4!
!"
!#
!"
!!
!"
"
!"
!
!"
#
!"
$
!"
%
!"
&
!"
'
()*+,-.,*/0*123-!-4,+5678
(
)
*
+
,-
9
:
5
0
;0
7
-<
"=
<
""
-4
>
+
8
-
-
<"--!!"?@
<""-!!"?@
<"--!!&?@
<""-!!&?@
<"--!!A?@
<""-!!A?@
B12,*+7C1D-E
F*2,*+7C1D-G
! 
pgel =
1
r( fe " 1)
! "#!
!


0.65 0.7 0.75 0.8 0.85 0.9
0
0.02
0.04
0.06
0.08
0.1
0.12
Maleimide Conversion
Ti
m
es
ca
le 
Ra
tio
  o
m
ax
/o b
 
 
SRF(3.8) r=0.6
SRF(3.5) r=0.91
SRF(3.5) r=0.6
0.65 0.7 0.75 0.8 0.85 0.9
0
0.02
0.04
0.06
0.08
0.1
0.12
Maleimide Conversion
Ti
m
es
ca
le 
Ra
tio
  o
m
ax
/o b
 
 
SRF(3.0) r=0.78
SRF(3.0) r=1.0
! "#!
$%&'%()$*(%! +,%(! $-%! .)((+/! $%&'%()$*(%! ().0%! +1! 2.$%(%3$4! 5-23! )33*&'$2+.! 23!$6'27)886! ,)829! 1+(! $-%!&)$%(2)83! ).9! 7+.92$2+.3! +1! $-23! 3$*96! ).9!&).6! +$-%(3:! )3!3-+/.!2.!;20*(%!<4=4!!
!

@<4=B!!
/-27-!2.!$-%!7)3%!+1!).!F.PF.QRPSPFRPMK!3$%'Q0(+/$-!'+86&%(2T)$2+.!23!$-%!%11%7$2,%!1*.7$2+.)82$6! +1! $-%! F! 7+&'+.%.$3! 2.! )00(%0)$%4! 5-23! )''(+)7-! )88+/3! 3$(*7$*()8!
D4U"!D4UE!
D4U=!D4UU!
D4U#!D4#!
RDE! RDU! RRD! RRK! RR<! RRE!,-.&
"/
"0
&'
12
3
4&
%5
"2
3
'
6&/7&%-8$%&'9℃:'
! 
fe =
1
rpgel
2
+1
! "#!
$%&'()*+$'%! +'! ,-! .-+-()$%-.! &(')! -)/$($0*1! .2%*)$0! )-03*%$0*1! +-4+4! *%.!/5,1$43-.!+3-()'.2%*)$0!*%.!6$%-+$0!/*(*)-+-(4!*4!$%!7$85(-!9:;:!
!

>9:;?!
*%.! +3-!*445)/+$'%! +3*+! +3-!)*+-($*1!,-3*=-4!*00'(.$%8! +'!*!8-%-(*1$S-.!T*PK-11!)'.-1!+'!(-K($+-!$+!$%!+-()4!'&!+3-!4+-*.2!43-*(!=$40'4$+2!*%.!0('441$%6!.-%4$+2:!U&!+3-!/1*+-*5! )'.5154! 8('K4! *00'(.$%8! +'! *%! *//('/($*+-! 40*1$%8! 1*K! VWXYZY+J! *%.! +3-!
0.65 0.7 0.75
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
Maleimide Conversion
Ti
m
es
ca
le
 R
at
io
  τ
m
a
x/τ
b
2.6
2.8
3
3.2
3.4
3.6
3.8
4
4.2
Im
pl
ie
d 
f e
! 
" # $( ) = " " G $( ) $
! "#!
$%&'(&%)*! +)! ),-! )-./-0+)10-! (2! %3)-0-&)! '+3! 4-! .-+&10-56! ),-3! %3! ),-! 2%0&)! (05-0!+//0(7%.+)%(3!),-!8(39-&)!0-8+7+)%(3!)%.-!'+3!4-!:0%))-3!+&;!
<=>?@!!
:,-0-!),-!+4&(81)-!)-./-0+)10-!2+')(0!3(0.+8%A-&!),-!)-./-0+)10-!5-/-35-3'-!(2!0144-0*! -8+&)%'%)*>! B,-! &'+8%39! -7/(3-3)! )! ,+&! +! $+81-! (2! C! +''(05%39! )(! '8+&&%'+8!),-(0*6!41)!.+*!4-!.-+&10-5!2(0!+3!%35%$%51+8!&*&)-.>!DE1+)%(3!=>F!'+3!),-0-2(0-!4-!0-:0%))-3!:%),(1)!+3*!.-3)%(3!(2!',+0+')-0%&)%'!)%.-&!+&;!
<=>#G@!
DE1+)%(3!=>#G!'+3!4-!0-+00+39-5! )(!/0(51'-!+3!-7/0-&&%(3! 2(0! ),-!$%&'(&%)*!(2! ),-!.+)-0%+8!+&!+!213')%(3!(2!)-./-0+)10-6!(0!+3!-$-3!&%./8-0!-7/0-&&%(3!/0(/(0)%(3+8!)(!),-!0-$-0&-!0+)-!'(3&)+3)!+35!),-!5%&)+3'-!20(.!),-!9-8!/(%3)6!+&!&,(:3!%3!-E1+)%(3!=>##>!H()-! ),+)! ),%&!-E1+)%(3!5(-&!3()! %./8*!A-0(!$%&'(&%)*!+)! ),-!9-8!/(%3)6!+&! ),%&!5-$-8(/.-3)!(38*!+//8%-&!+2)-0!+!.%3%.1.!5%&)+3'-!I.%3!4-*(35!),-!9-8!/(%3)!:,-0-!40-+J+9-!(2!3-):(0J!',+%3&!%&!),-!5(.%3+3)!0-8+7+)%(3!.-',+3%&.>#C4!
<=>##@!
!"#$%&'()*&+,%',%&-".%"-+"/$%0/",)0+"/+')&%&'(,B%.-K)-./-0+)10-!&1/-0/(&%)%(3!%&!+!&)+/8-!)((8!(2!135-0&)+35%39!),-!)-./-0+)10-!5-/-35-3'-! (2! /0(/-0)%-&! %3! /(8*.-0! &'%-3'->! L(.-! 90(1/&F"! ,+$-! 1&-5! ),%&!-./%0%'+8!/0('-&&!:%),!&1''-&&!(3!.+)-0%+8&!:,-0-!4(35!5*3+.%'&!+35!'(3$-0&%(3!+0-!3()!&)0(39!213')%(3&!(2!)-./-0+)10-6!(0!:,-3!),-!'0(&&($-0!20-E1-3'*!%&!(1)!(2!),-! 0+39-! (2!.-+&10-.-3)>! M8-+08*6! %2! ),-! 0-$-0&%48-! 4(35! %&! ),-0.+88*! 0-&/(3&%$-!
! 
p = C"0T
# t
k0 exp $
Ea
RT
% 
& 
' 
( 
) 
* + pgel
! 
"0 =
# # t
CTk0 exp $Ea /RT( )
%
# t+1
Tkr
! 
"
max
#
T$
0
%
t
! "#!

! "#!
!
!
"#$%&'! ()*)! $%&'()&! *+! ,))%-.)/01! )/-%2)%-.%3,)'3%! &'.%3.*&/)/*0!4$56#789:;<=>! -*?%(! )@%3-*3%A%3&/B(%! -,)%3/,(&7! 6C*.9! C@%! 3,D! ?,),! +*3! )@%!-,)%3/,(! ,)! EE#FG! ,0?! EE"FG7! 6=*))*-9! C@%! ?,),! ,3%! 0*3-,(/H%?! )*! )@%! I3*&&*A%3!.*/0)7!J*D!+3%K'%0IL!B%@,A/*3!&@*D&!1**?!*A%3(,.M!B')!)@%!@/1@!+3%K'%0IL!B%@,A/*3!6*+!NOO!%&.%I/,((L9!*A%3(,.&!-'I@!B%))%3!D/)@*')!)@%!&@/+)7!G'3A%&!,3%!3%.3%&%0),)/A%!*+!&/-/(,3!I*-.,3/&*0&!+*3!-'()/.(%!I*-.*&/)/*0&7!
!"#$%&'("#)4%-%0*A! ,0?! $'B/0&)%/0O&! )@%*3L! *+! (/0%,3! ?L0,-/I&! +*3! 3%A%3&/B(%! 0%)D*3P&!.3*A/?%&!,0!,..3*.3/,)%!?%&I3/.)/*0!*+!)@%!B%@,A/*3!*+!)@/&!-*?%(!)@%3-*3%A%3&/B(%!;/%(&2Q(?%3! 0%)D*3P! /0! ,! A,3/%)L! *+! &/)',)/*0&! 0%,3! )@%! 1%(! .*/0)7! ;'%! )*! )@%!&/-.(/I/)L!*+!)@%!-*?%(!&L&)%-M!)@/&!I*0+/3-,)/*0!(%,?&!'&!)*!%R.%I)!)@,)!)@%!&/-.(%!
10
!1
10
0
10
1
10
2
10
2
10
3
10
4
10
5
Shear frequency ! (rad/s)
S
h
e
a
r 
m
o
d
u
lu
s
 G
",
G
""
 (
P
a
)
 
 
G"  113°C
G"" 113°C
G"  116°C
G"" 116°C
!"
"
!"
!
!"
#
!"
!!
!"
"
!"
!
$%&'()*+,-./0,(&.1&,23,456
$
%
&'
(
)*+
,
-
./
0
,
(
&.
'
%
-
3
)3
/
.
.
7!87
9
!..!!:;<
7!!87
9
!!.!!:;<
7!87
9
!..!!=;<
7!!87
9
!!.!!=;<
! "#!


!"##$%&%'()$*
+,$$%-*.*+)/0120*/-011$,'2*3%'1,(4*H/,! %+.$$'()8! 2,)$(-5! I! .=! &! %'&$$(%&'9! <,-/,:'&--(%,9! @)J@):KJLJ@KJ<A! $-,0:*+.3-/!0.'57,+!),-3.+8!%&)!4,!%&'%1'&-,2!&%%.+2()*!-.!-/,!,?1&-(.)!
! "#!
!
$%&'&! ()*+! *,! -%&! ./0.&0-'1-*/0! /2!345-*240.-*/015!3/0/3&',! ./00&.-&6! -/!-%&!0&-$/'7!*!*06*8*6415!$19,:!;%&!&<41-*/0!'&='&,&0-,!-%&!>*?@AB@!$&*C%-&6!,43!/2!155!0&-$/'7!D40.-*/0,!*EF:!()*+!.10!G&!.15.451-&6!1../'6*0C!-/!-%&!&<41-*/0!
!
H%*.%!,*3=59!,43,!-%&!./0-'*G4-*/0,!/2!*!D40.-*/0,!2'/3!&1.%!.'/,,5*07*0CI!J?G&1'*0C!3/5&.451'!,=&.*&,:!K0!-%*,!&<41-*/0!(J2+L!*,!-%&!*0*-*15!./0.&0-'1-*/0!/2!-%&,&!,=&.*&,! >3/5&.45&,! G&1'*0C! 2! J! 3/*&-*&,A! 106! M>)*I2A! *,! -%&! ='/G1G*5*-9! /2! 10! J2!3/5&.45&! G&*0C! D/*0&6! -/! -%&! 0&-$/'7! *! -*3&,:! ;%&! .15.451-*/0! /2! M>)*I2A! *,!,-'1*C%-2/'$1'6!C*8&0!-%&!<410-*-9!M>NJ/4-AI!-%&!='/G1G*5*-9!-%1-!1!C*8&0!3/*&-9!/0!1!.'/,,5*07&'!5&16,!-/!1!2*0*-&!.%1*0O!
!
$%*.%!*,!-%&!='/64.-!/2!-%&!'&5&810-!='/G1G*5*-*&,!-%1-!*!/2!2!.%1*0,!$*55!5&16!-/!-%&!0&-$/'7!106!-%&!'&,-!6/0P-I!1=='/='*1-&59!$&*C%-&6!G9!-%&!Q0!.%//,&!7R!G*0/3*15!./&22*.*&0-!240.-*/0!>*0!-%*,!.1,&I!Q2!.%//,&!*RA:!
;%&! .15.451-*/0! /2! M>NJ/4-A! '&<4*'&,! 1! ,/3&$%1-! 6&&=&'! ./0.&=-415! 5&1=I!$%*.%! *,! =&'2&.-59!$&55! &S=51*0&6! *0! -%&! /'*C*015! TUV"! -&S-! /2!W*55&'! 106!W1./,7/:!
! 
" =
i # 2
2 Xi[ ]i=3
fmax
$
! 
Xi[ ] = Af[ ]0 P Xi, f( )f = i
fmax
"
! 
P Xi, f( ) =
f
i
" 
# 
$ 
% 
& 
' P FAout( )
f ( i 1(P FAout( )[ ]
i
! ""!
#$%&'&()!*+&!($*&!,-.,/.-*0$1!$2! 0*! 03!-!$1&4.01&!&5/-*0$1!$2!*+&!2$(6!789:7;)!-1<!03!(&-<0.=!3$.'&<!1/6&(0,-..=>!
!?1! *+03! &5/-*0$1)! @A! 03! *+&! ,$1'&(30$1! $2! A! (&-,*0'&! 9($/@3)! @B! 03! *+&!,$1'&(30$1!$2!B)!-1<!-0!-1<!CD!-(&!*+&!6$.&!2(-,*0$13!$2!A!-1<!B!2/1,*0$1-.!9($/@3!$1!0!-1<!D!2/1,*0$1-.!6$1$6&(3)!(&3@&,*0'&.=E!

! 
xA = 0 0 0 0.2 0.8[ ]!
02!POQ!$2! *+&!6$1$6&(3!-(&! *(02/1,*0$1-.!-1<!ROQ!-(&! *&*(-2/1,*0$1-.E! ?*! 03!/3&2/.!*$!3*-(*!*+&!01<&7!$2!*+&!-((-=!-*!OE!K$(!BP!$1.=!607*/(&3)!$C'0$/3.=!
! 
xB = 0 0 1 0 0[ ]!
K($6!*+03!-((-=)!*+&!,-.,/.-*0$1!$2!!!$(!"!03!3*(-09+*2$(%-(<)!C=!%&09+*019!*+&!,$6@$1&1*3!$2!$#!-9-013*!*+&!2/1,*0$1-.0*=!&-,+!,$6@$1&1*!(&@(&3&1*3>!
! 
P FAout( ) = pA bj 1" pB + pB aiP FAout( )
i"1
i#[ ]
j"1
" pA +1j#
! "#!
! 
ai = ixA ,i b j = jxB , j !
$%&'&! ()*+,-&'! )+&! ).'/! 0')1.&! ,2! *%&! 3,+&-*! -).-0.)*,/2! /4! 402-*,/2).,*567&,8%*&3!)9&+)8&!402-*,/2).,*5!:&44&-*,9&!402-*,/2).,*5;!4&<!9,)!
! 
fe,A =
iaii"
aii"
!
=+/''.,2>&+!(/.&!4+)-*,/2!9&-*/+'!'%/0.3!1&!2/+().,?&3!*/!)!()82,*03&!/4!@;!15!3&4,2,*,/2A!B/7&9&+;!15!,2-/+C/+)*,28!,24/+()*,/2!)1/0*!*%&!'*/-%,/(&*+,-!+)*,/!+!/4!402-*,/2).!8+/0C';!)''0(,28!DEF!,'!.,(,*,28;!7&!-)2!4/+(!*%&!9&-*/+'!!"!)23!!#;!!
! 
yA =
1+ r
r
xA
aii"
yB =
r
1+ r
xB
bjj"
!
7%,-%!%)9&!*%&!0'&40.!C+/C&+*5!*%)*;!*%&5!-)2!1&!-/(1,2&3!7,*%!)2!)9&+)8&!(/.&-0.)+!-/2-&2*+)*,/2!D=FG!*/!-).-0.)*&!D"FG!)23!D#FGH!
! 
A[ ]0 = C[ ]0yA B[ ]0 = C[ ]0yB !
$%&!D=FG!I0)2*,*5!-)2!1&!-).-0.)*&3!15!)25!-/29&2,&2*!(&)2'A!J2!/0+!-)'&;!7&!%)3!C+&9,/0'.5!(&)'0+&3!!
!
&.'&7%&+&!)'!*%&!,2,*,).!().&,(,3&!-/2-&2*+)*,/2;!'/!7&!,29&+*&3!*%&!C)+*!/4!*%&!)1/9&!+&.)*,/2'%,C!*/!'/.9&!4/+!)9&+)8&!(/.&-0.)+!-/2-&2*+)*,/2A!
! 
C[ ]0 = B2[ ]0 / yB ,2 = L[ ]0 /2yB ,2 !
! 
L[ ]0 = 2 B2[ ]0
! "#!
!"#$%#"&'()*(+*$,(--#').*/(#0*+,"$&'()-*+,(/*1,($02%,0*")2*"--%/1&'()-*$%! &'(!)*+,(-*.! /0/+,)1! 2,! 3*4,! *! 5'..0! 5'%6+-&%*.-7,8! 6(&//.-%9,(! :;<1! *%!-%,(+!/'=/+-+'+,8!6(&//.-%9,(1!:;<-1!*%8!)->+'(,/!&5!+3,!+2&!+&!)*9,!*%!-%+,(),8-*+,!)->+'(,?!!"!5&(!*%0!&5!+3,/,!/0/+,)/!6*%!=,!8,5-%,8!=0!*!/-)@.,!2,-A3+,8!/')B!
! 
xA = xA,SRF
nSRF
nSRF + nSRFi
+ xA,SRFi 1"
nSRF
nSRF + nSRFi
# 
$ 
% 
& 
' 
( !
23,(,!%:;<! -/! +3,!)&.,/!&%!*!)&.,6'.*(!=*/-/! 5(&)!:;<! -%! +3,!)->+'(,?!C3,!&4,(*..!(*+-&!6*%!=,!8,+,()-%,8!5(&)!+3,!)*//!(*+-&!):;<D):;<-B!
! 
nSRF
nSRF + nSRFi
=
nSRF /nSRFi
nSRF /nSRFi +1
nSRF
nSRFi
=
mSRF
mSRFi
MWSRFi
MWSRF
!
C3,! 6*.6'.*+-&%! &5! *4,(*A,! )&.,6'.*(! 2,-A3+/! EF:;<1! EF:;<-! -/! *! .-+,(*.!*4,(*A,! &5! +3,!)&.,6'.*(!2,-A3+/!EFG1!EF(! &5! +3,! ,>@,6+,8! /@,6-,/! G1! (! -%! ,*63!)->+'(,1!2,-A3+,8!=0!+3,-(!(,.*+-4,!@&@'.*+-&%!>(1!>G!-%!+3,!)->+'(,B!
! 
MWSRF = MWqq" xq MWSRFi = MWrr" xr !
>G!-/!*!6.&/,!(,.*+-4,!&5!>H1-!='+!8-55,(,%+-*+-%A!=,+2,,%!/@,6-,/!+3*+!)*0!3*4,!+3,! /*),! %')=,(! &5! 5'%6+-&%*.! A(&'@/! 23-.,! 3*4-%A! 8-55,(,%+! /+('6+'(,/?! F,! 6*%!&(A*%-7,!>G!-%+&!*!)*+(->!#"$!2-+3!6&)@&%,%+/!7HG1-191!23,(,!9!-/!*%!,>+(*!8-),%/-&%!+&!6&%+*-%!+3-/!8-55,(,%+-*+-&%?!I&-%A!+3-/!*..&2/!'/!+&!5-%*..0!5&()!*%!,>@(,//-&%!5&(!
!"%&'(!=0!/'))-%A!&4,(!+3*+!8-),%/-&%B!
! 
xA ,SRF ,i = zAq,i,kk" xA ,SRFi,i = zAr,i,kk" !
! "#!
!"#! $%! &'(')*+',! %+)*$&-+./)0*),123! *%! +-'! +'+)**4)21*+'! 5)'46)%/)! 0*%!7'*%6)',! +/! 8'3! *%! *8/9'3! :;<! +'+)*.6(4+$/(*1! *(,! =;<! +)$.6(4+$/(*13! *(,! 0'!*%%67'! 4/751'+'! )'*4+$/(!0$+-! /6)!>$'1%?@1,')?*4+$9'! +-$/1A! B-')'./)'3! C! $%! $(! +-$%!4*%'!*!%$(&1'+/(!,$7'(%$/(!*(,!!"#D$"%&'(DE;!;!;!;A=!;A:FA!
!")! $%! 4*1461*+',! .)/7! !"#! 6(,')! +-'! *%%675+$/(%! /.! 'G6*1! )'*4+$9$+2! /.!*4)21*+'! &)/65%! *(,! 4/751'+'! 4/(%675+$/(3! 0$+-! 5DH;<! /.! +-'! &)/65%!.6(4+$/(*1$I',!*(,!!!!J?5DK;<!/.!+-'!&)/65%!$(')+A!L'!76%+!&'(')*+'!+-'!5)/8*8$1$+2!MN.$3CO! /.! .$(,$(&! *(! $?.6(4+$/(*1! 7/1'461'! *7/(&! 8/+-! %+*+$%+$4*112! %68%+$+6+',!5/561*+$/(%!CDK3PQ!
! 
P fi,k( ) =
k
i
" 
# 
$ 
% 
& 
' pi 1( p[ ]k( i !
B-$%!4*(!8'!761+$51$',!*&*$(%+!!"#!+/!5)/,64'!!")Q!
! 
zAr,i,k = P f i,k( )zAq,i !
0-$4-! 0*%! +-'! 1*%+! $+'7! ('4'%%*)2! +/! 4*1461*+'! +-'! 4)/%%1$(C! ,'(%$+23! *(,!'..'4+$9'! .6(4+$/(*1$+2! /.! RST! 4/75/%$+$/(%! 4)'*+',! 82! /6)! %+*+$%+$4*1! %68%+$+6+$/(!*(,!+0/?4/75/('(+!7$U$(&!%+)*+'&2A!
!
!"#"$"%&"'(JA! 9*(!V''C3!>A!WA!XAY!R5$')$(&3!@A!WA!ZAY!M'+')%3![A!LA!XAY!+'!\$]'(-6$%3!^AY!R$]8'%7*3!SA!MA3!_($,$)'4+$/(*1!>$7')$I*+$/(!*(,!R+*4C$(&!/.!_)'$,/52)$7$,$(/('!`(,![)/65%!$(! M/124*5)/1*4+/('! R65)*7/1'461*)! M/127')%A! !"#$%&%'(#)'(*+ *++,%! ,-! N=KO3!:P"P?:PHaA!
! "#!
`4),A-! a%/! &(18S4'+<-! =%! =%/! Z+DD4+1,+-! O%-! N48(C)22;! .82?@58)2+,A! Z12;C8(+D!6)*8(+)2<b!N48!Q8M*!.*8B!*1!R8D;D2+,A!N48(C1<8*!Z12;C8(<c!1"*#,2,34*+34)&!""#$!
/9!UGV-!FW#G@FWF$%!]%! L21M+,-! 0%! K%/! .D1**-! N%! O%/! =9J+C)-! &%! K%/! &1PC),-! 0%! Q%-! 01>)28,*! =9)B*)\28!Q8*P1(S<! U0=Q<Vb! =! [,+3'8! Z)()9+AC! +,! 0(1<<@Y+,S89! Z12;C8(<%!1"*#,2,34*+34)&
!"&"$!/0!UGV-!$GHI@$GEI%!W%! &1PC),-!0%!Q%/!L21M+,-!0%! K%-!01>)28,*!=9)B*)\28!Q8*P1(S<b!R8>8(<+\28!&1,9!.*('D*'(8<! X,D1(B1()*89! +,! Z12;C8(! Q8*P1(S<%! <-=4>"-$74& ?@42(4& A-74#-"7(,-"3&
B$(7(,-&!"&!$!;.!UF]V-!H$"$@H$"H%!F#%! .*)928(-! R%-! N(),<+8,*! ,8*P1(S<! \;! 4;9(1A8,! \1,9! +,*8()D*+1,<! +,!B12;\'*)9+8,8@C82*<%! X,! C4#2"-4-7& "-$& D#"-)(4-7& E47>,#F)-! .B(+,A8(! &8(2+,! d!58+982\8(Ab!FW]"/!e12%!"E-!BB!FH#@FHE@FHE%!FF%! *8!Q+f8,4'+<-!L%-!0)2D'2)*+1,!1?!,8*P1(S!B)()C8*8(<!+,!*48(C1(8>8(<+\28!A82<%!
C,3%24#&G43)&"-$&E47>,#F)&&##'$!/!UE@GV-!HFE@HII%!F$%! R8'*8,)'8(-! Z%/! &'428(-! g
C@%)(*)&H4I,#7)&&#%'$!.0J!UIV-!FEI@$$H%!FG%! O21(;-! Z%! K%-! 6128D'2)(! .+J8! T+<*(+\'*+1,! +,! N4(88! T+C8,<+1,)2! Z12;C8(<%! X%!782)*+1,F%!K,+#-"3&,6&7@4&<24#(*"-&?@42(*"3&5,*(47%&&#)&$!J0!UFFV-!I#]I@I#W#%!F"%! O8((;-! K%!T%-!L()*,43")7(*&I#,I4#7(4)&,6&I,3%24#)%!I(9!89%!89%/!:+28;b!Q8P!a1(S-!FW]#/!B!GHF%!F]%! 6+228(-! T%! R%/! 6)D1<S1-! 0%! :%-! =! Q8P! T8(+>)*+1,! 1?! Z1<*! 782! Z(1B8(*+8<! 1?!Q8*P1(S!Z12;C8(<%!1"*#,2,34*+34)&&#('$!:!U$V-!$#G@$FF%!
! "#!
#$%! &'()'*+!,%!-%.! /0120*+!3%.! 40567*87+! 3%! 4%.! 9:66711+!;%+!!"#$%&'()*+(",-!'".&//-
0"1&#(,2%!<:17=>?@AB!,7C!D'6E+!#$$F%!GH%! &:71)+!I%.!-1J76+!K%+!L=*(M7)7*!:*!J76!M=J6'06'N0(:)8M7*!37:M7%!34/+4/-5(&6(2/-
7,,*#&,-1&'-89&%(&-!"#$%!:;<!O#P+!$Q>#GG%!G#%! @6027*+! R%! ;%! @6'))>4:*E7J! 9M76N011=! 37276):S17! T'1=N76)! T6'J587J! U6'N!@'*J7*)0(:'*!T'1=N76)!C:(M!T7*J0*(!V560*!/6'5W)!@6'))>4:*E7J!C:(M!;017:N:J7)%!XYXFHHX+!#$Z$%!GG%! O0P!/':(:+![%.!A70(17=+!V%.!A5\1:*+!;%!]%.!37\'+!R%!;%+!K:*7(:8!0)W78()!'U!(M7!&:71)>-1J76! 6708(:'*! S7(C77*! W'1=O)(=67*7>8'>U56U56=1! N7(M086=10(7P! 0*J! S:)N017:N:J7%!
=4'">&*,-!"#$%&'-3"4',*#-#&&'%!:<!O"P+!#YF#>#YZH.!OSP!/':(:+![%.!A5\1:*+!;%!]%.!37\'+!R%!;%+! L'N7! W6'W76(:7)! 'U! *7(C'6E)! W6'J587J! S=! (M7!&:71)>-1J76! 6708(:'*! S7(C77*!W'1=O)(=67*7>8'>U56U56=1!N7(M086=10(7P!0*J!S:)N017:N:J7%!=4'">&*,-!"#$%&'-3"4',*#-
#&&'%!:<!OGP+!G#$>GGZ.!O8P!@')(0*^'+!T%!R%.!]7=76+!V%!4%+!9M76N'67)W'*):27+!IW(:8011=!-8(:27!V:1N)!]0)7J!I*!&:71)>-1J76!@M7N:)(6=%!89&%(/+'$-"?-0*+&'(*#/-#&&(%!@A!OGFP+!Z#ZQ>Z#"X.!OJP!T7(76)'*+!-%!;%.!R7*)7*+!3%![%.!T01N7)7+!/%!3%+!37276):S1=!86'))>1:*E7J!W'1=N76! \71)! 0)! M701:*\! 0\7*()! U'6! 7W'_=>0N:*7! (M76N')7()%! 78B- 7>>#- 0*+&'-
C,+&'?*.&/-#&&"%!@!OFP+!$$G>F.!O7P!`*\1:)+!-%!R%.!,7SM0*:+!4%.!-1(:*(0)+!I%.!L8MN:J(+!V%!/%.!]06*76>K'C'11:E+! @%+! 30W:J! ]'*J:*\a&7S'*J:*\! '*! &7N0*JB! 37276):S1=! @6'))>4:*E7J!V5*8(:'*01!T'1=N76)!2:0!&:71)bcd-1J76!@M7N:)(6=%!0*.'"%"#&.4#&/-#&!&%!:D!O#XP+!FF#F>FFGH.!OUP!T7(76)'*+!-%!;%.!R7*)7*+!3%![%.!T01N7)7+!/%!3%+!3''N>97NW760(567!A701:*\!'U!0!9M76N')7((:*\!T'1=N76!e):*\!(M7!&:71)>-1J76!3708(:'*%!78B-7>>#-0*+&'-
C,+&'?*.&/-#&!&%!E!OYP+!##Y#>##Y$%!GX%! O0P!R'*7)+!R%!3%.!4:'((0+!@%!4%.!@'1106J+!&%!;%.!L8M:601J:+!&%!-%+!@6'))>4:*E:*\!0*J!;'J:U:80(:'*! 'U! T'1=O7(M=17*7! (767WM(M010(7>8'>G+Z>0*(M6087*7J:806S'_=10(7P! S=!&:71)bcd-1J76!3708(:'*)!C:(M!;017:N:J7)%!0*.'"%"#&.4#&/-!"""%!DE!O#QP+!F"QZ>F"$G.!OSP! LC0*)'*+! R%! T%.! 3'^20J'2)E=+! L%.! L7WW010+! R%! [%.! ;08E0=+! ;%! [%.! R7*)7*+! 3%! [%.!@')(0*^'+! T%! R%+! &7271'WN7*(! 'U! T'1=N76:8! TM0)7!@M0*\7!;0(76:01)!I*! (M7! S0):)! 'U!&:71)>-1J76! @M7N:)(6=%!0*.'"%"#&.4#&/- #&!&%! :D! O#YP+! Z#XF>Z#Y#.! O8P! /'5))f+! @%.!/0*J:*:+! -%+! &:71)g-1J76! W'1=N76:^0(:'*! 'U! J:U560*)!C:(M! S:)N017:N:J7)%!!"#$%- C,+-
e*J761=:*\! (M7!;086')8'W:8!;78M0*:801! T6'W76(:7)! 'U! @''6J:*0(:271=!@6'))>4:*E7J! T'1=N76! ,7(C'6E)%! 3"4',*#- "?- +9&- 7%&'(.*,- 89&%(.*#- B".(&+$- #&&)%!

! "#!
$%&'()*+(,-%.(/0! 123! 4)(5')60! 420! $)'7*8),'(9:! ,9;! <8)6=%6).)6>(5')! 6&55)6! 76%=!>&?6,=%')/&',6!,>>)=5'@2! "#$%&'!""#$!()*!A"BCBD0!E""*CF2!#"2! $(G5)>=,0!H2!I23!J)(G)60!K2!L23!J6&9>.)';0!423!K%'=)60!J2!M2!J23!L(6>/85)6:0!M2!L2!N2!N23! 4,9:)0!H2! K2!O23! 4%P)0! M2! N2! 423!O)(G)60! Q2!R20! H).)6>(5')! I%'@=)6>! K%6=);! 76%=!$)'7*1%=?')=)9<,6@!O%9%=)6>!S>(9:!T&,;6&?')!L@;6%:)9!J%9;(9:2!+,-&.,&'%&&'$!
/01!AUVWVD0!BXFB*BXFW2!!!
! "#!
!"#$%&'()*(+,#-.#%/01(02(3/14-&560-&7.-&(8-.0'&97&17&(:'#7;/14(
#9(#(<"&0-04/7#-(:&7"1/=.&(20'(:'#19/&1%(>0-?@&'(A&%B0';9(!


! "#!
$%&'()$*+,!-,(.!(/0,12!$3%!$4)'$),!-,4.$3/4$+!-5)/536"!7.,(,!%/88,9,3)!,88,4)(!$9,!%',!)5!:$9;/3<!'3%,9+;/3<!4.,-/4$+!-,4.$3/(-(1!.5=,:,9>!).,!8'3%$-,3)$+!3$)'9,!58! ).,! ?.,35-,353! /3! ,$4.! 4$(,! /(! ).,! 4+,$:$<,! $3%! 9,45-*/3$)/53! 58! 495((+/3@(6!7.,9,859,>! ).,! 8'3%$-,3)$+! :/(45,+$()/4! *,.$:/59! (.5'+%! *,! $3$+5<5'(! $3%! .$:,!(,:,9$+!45--53!8,$)'9,(!859!,$4.!58!).,!4$(,(6!!

N5=,:,9>! ).,! 9,('+)$3)! 9,+$)/53(./?! 58! /3),9,()>!
! 
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